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FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES
SCHOOL OF OCEAN AND EARTH SCIENCES
Doctor of Philosophy
THE ROLE OF ZOSTERA NOLTII IN WAVE ATTENUATION
by Maike Paul
Wave attenuation is a recognised function of seagrass ecosystems which is believed to de-
pend on plant characteristics. In this case, Zostera noltii was studied to investigate how
this particular species attenuates waves.
A pro￿ling sonar was used to survey a Zostera noltii bed and describe its coverage
and canopy height in situ. An algorithm was used to identify the seabed and to compute
water depth, canopy height and coverage from the backscatter data. The algorithm was
extended from previous methods and tested on two additional seagrass meadows of Zostera
marina and Posidonia oceanica respectively to test the method’s applicability. Each sea-
grass species showed a characteristic canopy height and spatial coverage distribution which
allows a preliminary species identi￿cation, as each species has a typical canopy height and
preferred depth range.
Data on wave attenuance were collected over the mapped Zostera noltii meadow to
evaluate its e￿ect on wave height. Zostera noltii shows a strong seasonality and the site
was therefore monitored over an annual cycle to assess the e￿ect of seasonal changes on
wave attenuation. The site was exposed to wind waves and boat wakes which di￿er in wave
period and steepness. This di￿erence was used to investigate whether wave attenuation
by seagrass changes with hydrodynamic conditions. A seasonal change in wave attenua-
tion could be observed and results suggest that a minimum shoot density is necessary to
initiate wave attenuation by seagrass. Moreover, a relationship between wave attenuance
and vegetation Reynolds number was found which allows comparing the wave attenuating
e￿ect of Zostera noltii to other plant species.
To determine the e￿ect of speci￿c plant characteristics, tests were carried out in a labo-
ratory ￿ume. Seagrass mimics were used to investigate what e￿ect shoot density, sti￿ness
and leaf length have on wave attenuation. Previous studies found that wave attenuation
increases with increased plant sti￿ness, leaf length and shoot density. This study con￿rmed
the dependence on sti￿ness and extended the ￿ndings for leaf length and shoot density by
showing that the leaf area index (density  leaf length  leaf width) is the determining
factor for attenuation of a given wave in shallow water. The experiments were repeated
with an underlying current to simulate ￿eld conditions where waves are superimposed on
a tidal ￿ow. The presence of a tidal current reduced the wave attenuating capacity of
seagrass meadows suggesting that studies carried out under waves only overestimate wave
attenuation compared to tidal environments.
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a m wave amplitude
BI - backscatter intensity
BIb - averaged backscatter intensity for three bins
5 cm above the bed
BIw - averaged backscatter intensity of the water
column
b m leaf width
CD - drag coe￿cient
Cg m s 1 group velocity
C - current parameter in Madsen’s (1994) model
CS m2 Hz 1 cross spectrum
c, d, e - best ￿t parameters
D ￿ wave direction
E J m 2 wave energy density
Es N m 2 modulus of elasticity
F N m 2 wave energy ￿ux
fe - energy dissipation factor
fw - wave friction factor
g m s 2 gravital acceleration
Hrms m root-mean-square wave height
Hs m signi￿cant wave height
h m water depth
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hb m depth of seabed
Ks - shoaling coe￿cient
k m 1 wave number
kN - equivalent Nikuradse roughness
L m wave length
LAI m2 m 2 leaf area index
M - number of discrete frequency components
m - slope of linear regression
N - number of leaves per m2
p - constant to generate backscatter threshold
Re - wave Reynolds number
Rev - vegetation Reynolds number
Sf m2 Hz 1 energy density spectrum
Sp m2 Hz 1 pressure spectrum
s m canopy height
spr ￿ wave spreading
T s wave period
ub m s 1 near-bed horizontal orbital velocity
x m length of mimic meadow
y m distance from a reference point o￿ shore of
station 1.
z m vertical distance measured up from seabed
 ￿ angle of instrumented transect
 ￿ direction of wave propagation
 - critical breaking parameter
back - di￿erence in backscatter intensity
fb Hz frequency bandwidth
H m dissipated wave height per metre meadow
26h m height above bed
r m projected distance between stations
x m measured distance between stations
 ￿ excursion angle
f N m 3 rate of frictional dissipation
BI - backscatter threshold
 m2 s 1 kinematic viscosity
 kg m 3 density of water
' - phase di￿erence between bottom shear
stress and wave orbital velocity
! s 1 radian wave period
Subscripts
0 outer most station
2 second highest value
b beginning of meadow
e end of meadow
j frequency component
m maximum value
n number of the shoreward station, or number
of bin in the pro￿le
p pressure
r representative parameter
u East component of velocity
v North component of velocity
w wave only case
wc combined wave and current case
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281. Introduction
The world’s coastlines are highly dynamic environments where waves and currents
drive changes in bathymetry and coastline geometry. Areas that are exposed to
high wave energy are generally unvegetated, but in medium to low energy coastal
environments a variety of plant species and ecosystems can develop. Within these
habitats, two groups can be distinguished: (1) terrestrial plants that are saltwater
resistant and tolerate part or full submergence (e.g. mangroves, salt marsh) cover
the intertidal, and (2) aquatic plants (e.g. seagrasses, kelp) grow in subtidal areas,
although some species tolerate air exposure and extend into the intertidal. Coas-
tal ecosystems are important providers of goods (e.g. ￿sh, fertiliser, construction
materials) and services (e.g. recreation, transport) (Burke et al., 2001) and coas-
tal management therefore strives to protect, conserve and where possible expand
natural coastal habitats (Koch et al., 2009). Yet it is necessary to provide e￿ec-
tive coastal protection for people and infrastructure in coastal areas. To combine
both demands, coastal management explores options that include the use of natural
habitats for coastal protection purposes (de la Vega-Leinert and Nicholls, 2008).
1.1. E￿ect of vegetation on waves and currents
Submerged aquatic vegetation interacts with ￿ow and changes the velocity pro￿le
throughout the water column (Figure 1.1). Velocities within the canopy are reduced
compared to the free stream velocity as was shown during laboratory experiments
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on Zostera marina (Gambi et al., 1990; Lefebvre et al., 2010); similar observations
were made in a Thalassia testudinum meadow in St. Joseph Bay, Florida where the
velocity within the canopy was less than above the canopy, but no velocity gradient
with depth into the canopy could be observed (Koch and Gust, 1999). Above the ca-
nopy, a skimming layer with increased velocity may develop (Koch and Gust, 1999;
Widdows et al., 2008). To investigate the onset of skimming ￿ow, Thompson et al.
(2004) deployed Sea Carousel (Amos et al., 1992) over Zostera noltii and Cymodo-
cea nodosa which allowed them to control ￿ow velocities in otherwise undisturbed
seagrass beds. Their results show that roughness and therefore resistance reduces
when the leaves start bending under increasing ￿ow. This formation of a closed
canopy leads to a skimming ￿ow and reduced mixing between water bodies within
and above the canopy (Thompson et al., 2004). Velocity pro￿les with low veloci-
ties within the vegetation and skimming ￿ow above the canopy were also found in
di￿erent species of salt marsh (Neumeier and Ciavola, 2004; Neumeier and Amos,
2006). A logarithmic velocity pro￿le within the skimming layer may be used to
calculate the roughness length of a salt marsh canopy (Neumeier and Amos, 2006)
which is independent of water depth or ￿ow velocity and only depends on canopy
characteristics such as total biomass and shoot density (Leonard and Croft, 2006;
Neumeier, 2007). Peterson et al. (2004) found a similar relationship between shoot
density and ￿ow velocity within the canopy for Zostera marina and Halodule wrightii
in the ￿eld. Laboratory studies on Zostera marina did not con￿rm this relationship
for relatively short meadows (Fonseca et al., 1982; Gambi et al., 1990; Lefebvre et al.,
2010). However, within the in￿nite canopy of an annular ￿ume, ￿ow reduction was
accentuated with increasing shoot density (Lefebvre et al., 2010) which indicates
that di￿erences in the experimental setup of laboratory studies may explain some
of the discrepancies in results in the literature (Gambi et al., 1990).
In an attempt to describe the e￿ect of vegetation on wave motion along a vertical
pro￿le, Verduin and Backhaus (2000) obtained wave energy spectra along a pro￿le in
an Amphibolis antarctica meadow: analogous to ￿ndings under unidirectional ￿ow,
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Figure 1.1.: Conceptual diagrams of state of the art knowledge about hydrodynamics
in the presence of vegetation under a. unidirectional ￿ow and b. waves.
they observed a damping e￿ect within the canopy while maximum kinetic energy
occurred just above the canopy. Amphibolis antarctica is a crown building species
with approx. 15 cm long lea￿ess stems and the majority of biomass is located in
the upper half of the canopy where the leaves branch o￿ the stems (Verduin et al.,
2002). The kelp Laminaria hyperborea shows a comparable canopy structure and
laboratory experiments yielded similar pro￿les of particle velocities under waves
with a shoreward horizontal velocity directly above the canopy (Lłv￿s and Tłrum,
2001). No such pro￿le could be observed within a canopy of the seagrass Thalassia
testudinum (Koch and Gust, 1999). Within this meadow building species biomass
is distributed evenly along the height of the canopy and Koch and Gust (1999) ob-
served a steady decrease of orbital velocity with depth. This di￿erence in velocity
pro￿les between species with di￿ering canopy shapes was con￿rmed by James and
Barko (2000) who compared shear stress pro￿les between a crown building ( Myrio-
phyllum sibiricum) and a meadow forming (Chara sp.) macrophyte. Both species
reduced wave-generated shear stress near the bed equally e￿ectively, but M. sibiri-
cum reduced shear stress higher up in the water column where the majority of its
biomass is located (James and Barko, 2000).
Wave-induced motion varies on a much shorter time scale than uni-directional or
tidal ￿ow which gives velocity pro￿les less time to develop (Denny, 1988). Thus, the
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e￿ect of vegetation on wave motion is generally described by a reduction in total
wave energy which has been observed for salt marsh (e.g. M￿ller et al., 1999; Bouma
et al., 2010), kelp (e.g. Mork, 1996) and several seagrass species (e.g. Fonseca and
Cahalan, 1992). Studies show that salt marsh is very e￿ective at attenuating wave
energy. M￿ller et al. (1999) found an average wave energy dissipation of 87% over
180 m and a more recent study by Cooper (2005) found dissipation rates between
72 and 91% over 110-250 m of mixed salt marsh. 92% and 100% of wave energy
reduction were found over 20 and 30 m of Spartina alterni￿ora marsh respectively
(Wayne, 1976; Knutson et al., 1982) and up to 86% were observed in a laboratory
study over 3 m of Spartina anglica and Puccinellia maritima (Bouma et al., 2010).
Bouma et al. (2010) con￿rmed observations that wave energy dissipation reduces
with distance into the salt marsh (M￿ller, 2006; Augustin et al., 2009) and showed
its dependence on vegetation density.
Results for kelp are a lot more variable and no signi￿cant wave dissipation was found
for Macrocystis pyrifera with an average density of 10 per m 2 (Elwany et al., 1995).
For Laminaria hyperborea, a reduction in wave energy of 70-85% over a distance of
258 m was observed (Mork, 1996) and Dubi and Tłrum (1997) found a reduction of
signi￿cant wave height of 50% over distances between 76 and 1390 m, depending on
water depth. Observed wave reduction rates for seagrasses are of similar magnitude
to kelp; Fonseca and Cahalan (1992) found a reduction in wave energy density of
approx. 40% per metre of seagrass meadow in four di￿erent seagrass species and
reductions of up to 80% have been observed in the ￿eld (Prager and Halley, 1999).
Moreover, similarly to kelp, water depth has been observed to a￿ect wave attenuation
by seagrass meadows (Ward et al., 1984; Fonseca and Cahalan, 1992; Koch, 2001).
Chen et al. (2007) suggest that wave dissipation by seagrass depends on the ratio of
water depth to canopy height rather than on water depth alone, but targeted studies
on the e￿ect of submergence ratio are needed to verify this hypothesis. Newell and
Koch (2004) compared wave attenuation over a Ruppia maritima bed in summer
(leaf length 1 m) and autumn (leaf length 0.15 m) and found a reduction in
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wave attenuation with increasing water depth as well as decreasing leaf length.
Moreover, their results reveal that a minimum shoot density of 1000 shoots/m 2
is required for Ruppia maritima before wave attenuation is observed (Newell and
Koch, 2004). The e￿ect of shoot density on wave attenuation was also observed for
Thalassia testudinum (Koch and Gust, 1999) and Nepf et al. (1997) con￿rmed the
general relationship in the laboratory by using circular cylinders instead of natural
vegetation. A more recent laboratory study (Bouma et al., 2005) quanti￿ed the
e￿ect of shoot density on wave attenuation using natural and arti￿cial Zostera noltii
shoots. Under the condition that natural and arti￿cial shoots were comparable,
results showed that an increase in shoot density by a factor of 30 can lead to a
factor of 6.6 in wave reduction (Bouma et al., 2005). While the overall consensus of
previous work is that wave attenuation increases with shoot density, the number of
tested densities is generally too low (2-3) to qualify this relationship.
A ￿eld study on Thalassia testudinum showed that wave attenuation by seagrass not
only depends on plant parameters, but also on wave frequency. Results suggest that
the seagrass leaves move with a certain frequency and waves of the same frequency
in a spectrum are not attenuated (Bradley and Houser, 2009). However, observed
wave attenuation was predicted reasonably well by a model assuming rigid blades.
A laboratory study with arti￿cial Posidonia oceanica plants also found wave atte-
nuation to be frequency dependent, but could not link this to plant motion as the
latter was not measured (Manca, 2010). Natural seagrass meadows are exposed to
wave spectra which are a combination of a wide range of wave conditions including
ocean swell, wind generated waves and boat wakes. In order to predict dissipation
of spectral wave energy, it is important to understand how seagrass interacts with
waves of di￿erent frequencies (Augustin et al., 2009) and more ￿eld studies are re-
quired to verify the dependence of wave attenuation by seagrass on hydrodynamic
forcing under natural conditions.
Previous studies showed that seagrasses attenuate wave energy, but also revealed
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that results can only be considered applicable within species with very similar mor-
phology (James and Barko, 2000), if at all. Between species with similar growth
types (e.g. meadow forming plants) other plant characteristics limit comparison.
Fonseca and Fisher (1986) showed that the shape and cross-section of seagrass leaves
have an impact on friction under unidirectional ￿ow. They observed that the friction
factors for ￿at-bladed species (Thalassia testudinum, Zostera marina and Halodule
wrightii) are similar, while the friction factor for a round-bladed ( Syringodium ￿li-
forme) species di￿ered signi￿cantly. In a similar study, Fonseca and Cahalan (1992)
observed that leaf width and canopy height have an impact on wave attenuation by
four species of seagrass, but did not quantify these observations. Within the approx.
60 species of seagrass identi￿ed around the world (Short et al., 2007) a great variety
of growth types and shapes exists that leads to a unique morphology for each spe-
cies. It is proposed that the relative e￿ectiveness for each species may di￿er under
unidirectional ￿ow (Fonseca and Fisher, 1986) and the variety of results suggests
that this will apply to wave attenuation. It is therefore necessary to investigate each
seagrass species separately to quantify its e￿ect on wave attenuation.
1.2. Zostera noltii
The species under investigation for this study is the dwarf eelgrass Zostera noltii. It
is an intertidal seagrass that colonises a wide range of substrates from mud over silt
to ￿ne sandy bottoms (Auby and Labourg, 1996). It is a temperate European species
that is highly abundant along the Atlantic coasts of Europe and around the British
Isles (Figure 1.2); its distribution stretching from southern Norway in the north to
Mauritania in the south. In the Mediterranean it is restricted to environments with
changing salinities such as lagoons and estuaries, and it is the only seagrass still
present in the Caspian and Aral Sea (Short et al., 2007).
It is highly abundant between mean high and low water neaps, but can be found in
341.2. Zostera noltii
Figure 1.2.: Geographical distribution of Zostera noltii in Europe (adapted from
Borum et al., 2004).
depth down to 5 m in the Mediterranean (Curiel et al., 1996). Zostera noltii adapts
to water depth by adjusting its growing behaviour. In shallow water it produces
dense, but short (17-22 cm) meadows while it produces longer leaves (up to 45 cm)
at deeper sites (Auby and Labourg, 1996; Curiel et al., 1996). Zostera noltii is an
euryhaline species that builds large meadows in high salinities (15-30), but tolerates
brackish conditions down to a salinity of 7 and was even observed to survive salinity
decreases to less than 5 (Charpentier et al., 2005). Zostera noltii is characterised by
ribbon-shaped, dark green leaves that have an average length of 22 cm and a width
of 0.5-1.5 mm. Leaves shoot from a short open sheath in groups of 2-5 (Figure
1.3). The root systems consist of creeping rhizomes that are 0.5-2 cm thick and the
internodes have 1-4 roots each (Phillips and Meæez, 1988).
Being a perennial species, Zostera noltii shows a strong seasonality with high growth
rates in spring and summer and a dormant phase in winter (Curiel et al., 1996).
In winter, shoot densities are minimal and shoot length reduces to 6-10 cm. In
spring, shoot density increases rapidly and can remain at its maximum length till
September (Auby and Labourg, 1996). Sexual reproduction takes place regularly,
with the ￿owering period being adjusted regionally, indicating a relationship with
temperature. However, seeding was not found to be the preferred recruiting method
in any Zostera noltii meadow investigated so far (Auby and Labourg, 1996; Curiel
et al., 1996; Alexandre et al., 2006). Instead, meadow growth is based on vegetative
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Figure 1.3.: Schematic diagram of Zostera noltii morphology (adapted from Hem-
prich and Ehrenberg, 1900).
reproduction. Zostera noltii is a very fast growing species that branches in almost
each node (Brun et al., 2006). Ecologically, Zostera noltii plays an important role
as a food source for migrating birds such as brent geese ( Branta bernicla) and it
is attributed a ground stabilising function (Den Hartog, 1970). Nevertheless, its
silt-binding capacity is limited (Den Hartog, 1970) and vertical growth of rhizomes
has been observed only once to date (Brun et al., 2005).
Zostera noltii is included in the IUCN Red List with the status Least Concern and
the population trend ’decreasing’ (IUCN, 2010), moreover it is classi￿ed as scarce in
the list of Marine Natural Heritage Importance (Tyler-Walters, 2008). Seagrass beds
are recognised internationally as important coastal ecosystems (Asmus and Asmus,
2000b,a) and Zostera beds are included in the OSPAR List of threatened and/or
declining species and habitats for the regions I-IV and are considered as under threat
in all locations (OSPAR, 2004). In the UK, it is included in the Habitat Action Plan
under the UK Biodiversity Action Plan (Tyler-Walters, 2008).
It was chosen to investigate the e￿ect of Zostera noltii on wave attenuation for
various reasons:
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1. Zostera noltii is one of two seagrass species around Britain and along European
Atlantic coasts (Borum et al., 2004). The e￿ect on wave attenuation of the
other species, Zostera marina, was planned to be part of the research by a
fellow PhD student. It was envisaged to compare results from both species in
joint publications.
2. Zostera noltii shows a high seasonality in morphology (i.e. shoot density and
leaf length). The in￿uence of morphological parameters on wave attenuation
has been observed in the laboratory (Fonseca and Cahalan, 1992; Bouma et al.,
2005; Augustin et al., 2009; Prinos et al., 2010). Field studies on the e￿ect
of morphology are still lacking, mainly because data recording took generally
place in summer and comparison of data from di￿erent study sites proves
di￿cult as it may be a￿ected by variation in bathymetry. The natural variation
of shoot density and leaf length in Zostera noltii allows investigating the e￿ect
of those morphological parameters on wave attenuation in the same location
and consequently over the same bathymetry.
3. Although Zostera noltii is highly abundant throughout Europe, only few stu-
dies addressed its interaction with hydrodynamics. In the past, research has
focused on the larger Zostera marina and other non-European species. This
study on Zostera noltii therefore complements previous research and expands
the number of seagrass species which e￿ect on wave attenuation has been
quanti￿ed.
1.2.1. Previous work on Zostera noltii
So far, little work has been done on the in￿uence of Zostera noltii on water move-
ment. Thompson et al. (2004) investigated the in￿uence of a Zostera noltii meadow
on sediment erosion under unidirectional ￿ow. Their experiments were conducted in
the ￿eld using an in situ annular ￿ume to generate de￿ned ￿ow velocities (Thomp-
son et al., 2004). The results show that leaf bending leads to a closed canopy that
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causes a skimming ￿ow to develop when ￿ow velocities exceed 0.5 m s  1. Further-
more, the closed canopy reduces roughness and with it resistance which leads to
reduced sediment erosion within the Zostera noltii meadow compared to a reference
site over bare mud. The study was conducted during the dormant phase in Fe-
bruary when shoot density and leaf length were at their minimum. However, the
critical values are in agreement with other studies (Fonseca et al., 1982), but they
are likely to vary throughout the year when the meadow starts growing back to its
full extend. A similar study in the German Wadden Sea measured natural tidal
￿ow over a mature Zostera noltii meadow. The experimental setup used to measure
velocity pro￿les throughout a tidal cycle (Pasche and Deu￿feld, 2003) did not allow
for detection of a skimming layer as observed by Thompson et al. (2004). However,
the results show that Zostera noltii can reduce ￿ow velocities within the meadow
by up to one third of the velocity above the canopy (Pasche and Deu￿feld, 2003).
The most recent study on the impact of Zostera noltii on ￿ow was carried out in
the laboratory to investigate the species’ impact on waves in comparison to the salt
marsh plant Spartina anglica (Bouma et al., 2005). During this study, various mea-
dows of natural and arti￿cial Zostera noltii shoots were exposed to regular waves
and wave height reduction was recorded over a 2 m long transect of the meadow.
Although the arti￿cial shoots (5 mm wide) did not have the same dimensions as
the natural Zostera noltii shoots (1 mm wide) a good ￿t in bending angle and
sti￿ness was obtained during ￿ume experiments under unidirectional ￿ow. Given
this similarity, Bouma et al. (2005) showed that shoot density plays an important
role in wave attenuation. They also observed a dependence of wave attenuation on
the submergence ratio (de￿ned as the ratio between water depth and vegetation
height). While ratios of 1.2:1 would lead to wave attenuation of up to 22% at the
highest shoot density (13,400 shoots/m 2), no wave attenuation could be observed at
ratios of 2.4:1 (Bouma et al., 2005). To date, no ￿eld studies have been carried out
to quantify wave attenuation by a natural Zostera noltii meadow.
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1.3. Aims and Objectives
The aims of this thesis are:
1. To quantify the e￿ect of a Zostera noltii meadow on wave attenuation. Pre-
vious ￿eld studies have addressed the e￿ect of Zostera noltii on unidirectional
￿ow (Pasche and Deu￿feld, 2003; Thompson et al., 2004) and while wave atte-
nuation by Zostera noltii was observed in the laboratory (Bouma et al., 2005),
it has not yet been observed in the ￿eld. The ￿rst aim is therefore to measure
wave attenuation across a natural Zostera noltii meadow, describe it with a
friction factor and derive its drag coe￿cient. This ￿eld study will show whe-
ther laboratory results on Zostera noltii can be transferred into the ￿eld and
consequently will improve the applicability of previous studies to the natural
environment.
2. To measure changes in the impact of Zostera noltii on wave attenuation. Work
on other species suggest that shoot density (Bouma et al., 2005; Chen et al.,
2007; Augustin et al., 2009) and submergence ratio (Ward et al., 1984; Fonseca
and Cahalan, 1992; Koch et al., 2006a) a￿ect wave attenuation by vegetation.
Zostera noltii shows high ￿uctuations in density throughout the year (Curiel
et al., 1996) and grows in the intertidal zone where water depth changes over
the tidal cycle. It is therefore expected that a change in wave attenuation
by Zostera noltii should occur on short (hourly) and medium (monthly) time
scales. Consequently, the second aim of this thesis is to determine changes in
wave attenuation over a tidal and annual cycle.
3. This study ￿nally aims to identify the main driving mechanisms in￿uencing
wave attenuation over Zostera noltii. It is hypothesised that plant speci￿c
(morphological) and location speci￿c (wave and tidal conditions) parameters
are the main in￿uencing factors for wave attenuation by Zostera noltii, and
thus this study will focus on these in￿uences.
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Morphological parameters under investigation are leaf length, shoot density and
sti￿ness. As Zostera noltii is known to show high seasonality in above ground
biomass (Curiel et al., 1996), it is proposed to determine how changes in biomass (i.e.
leaf length and shoot density) a￿ect wave attenuance throughout the year. Although
shoot sti￿ness will not change within the species, this parameter is included in the
study. Sti￿ness determines how much a plant moves under the in￿uence of waves and
currents. Depending on its sti￿ness, a plant will bend under a unidirectional current
and the sti￿er the plant the lower the bending angle at a given velocity (Fonseca and
Koehl, 2006). Under waves, the plants will move back and forth with the orbital
motion; plant sti￿ness will determine whether the shoots move in a cantilever or
whip like motion. The movement will change from the former to the latter with
increasing wave height and the rate of this transition varies with sti￿ness (Manca,
2010). Shoot sti￿ness is a species-speci￿c parameter and by assessing its impact
on wave attenuation, it can indicate how di￿erent seagrass species and vegetation
types a￿ect wave attenuation. Results of Zostera noltii may be placed in the wider
context of submerged aquatic vegetation by including sti￿ness in this study.
To link wave attenuation to the measured morphological parameters of this study, it
is necessary to monitor seagrass distribution and morphology across the area where
waves are measured. While it is possible to record some morphological parameters
such as leaf length and shoot density on foot or during dive visits at a particular
site, it is labour intensive and thus impractical to carry out such a survey over a
large area of several hectares (Warren and Peterson, 2007). Moreover, the plant
coverage and canopy height are di￿cult to assess in sublittoral settings (Grillas
et al., 2000). In areas with high turbidity, visibility during dive surveys may be too
low to determine coverage of a larger area. Furthermore, site visits carried out on
foot during low water in the littoral zone could not measure canopy height as the
seagrass is usually lying ￿at. A secondary objective of this project is therefore to
develop a widely applicable technique to map seagrass that also provides information
on seagrass coverage and canopy height. Those two parameters de￿ne the seagrass’
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physical roughness and an attempt is made to relate it to hydrodynamic roughness.
To evaluate the e￿ect of hydrodynamic forcing, wave height and period are measured
and the e￿ect of an underlying steady current is assessed. Seagrass meadows can
be exposed to a combination of natural sea state and boat wakes. Natural sea state
is a combination of various wave heights and periods which change over time and
space (Kamphuis, 2000). Arti￿cial waves generated by boat wakes show a di￿erent
steepness compared to natural waves (based on their ratio of wave height to period,
Fonseca and Cahalan, 1992). One objective of this study is to investigate how
di￿erent wave types (natural versus boat generated) are attenuated by Z. noltii.
Di￿erences between wave attenuation of natural waves and boat wakes by seagrass
may need to be taken into account when assessing wave impacts in coastal areas.
Finally, the e￿ect of an underlying current is considered. Previous studies that
addressed wave attenuation by vegetation were carried out in laboratory ￿umes
where waves were generated in otherwise still water (Fonseca and Cahalan, 1992;
Bouma et al., 2005, 2010) or at ￿eld sites with very low tidal in￿uence (Ward
et al., 1984; Nepf et al., 1997; Koch and Gust, 1999). While these studies helped
to improve the general understanding of processes involved in wave attenuation by
vegetation, their results may not be applicable to tidal environments where waves
are accompanied by an underlying current. As Zostera noltii is an intertidal species,
it can be exposed to high currents in addition to waves (de los Santos et al., 2010).
It is thus important to determine the in￿uence of currents on wave decay in order
to quantify wave attenuation by Zostera noltii correctly.
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1.4. Thesis outline
Chapter 2 presents the seagrass mapping technique that was developed to monitor
seagrass coverage and canopy height. The method is based on a technique developed
by Lefebvre et al. (2009) which was adapted to use in a wider range of environmental
conditions. It was tested on three types of seagrass; Zostera noltii being one of them.
The chapter is adapted from a manuscript published in Estuarine, Coastal and Shelf
Science (Paul et al., 2011b).
Chapter 3 describes a ￿eld study on the evolution of natural waves and boat wakes
across a Zostera noltii meadow along a transect perpendicular to the shore. The
study was carried out in Ryde, Isle of Wight, over a duration of 13 months to capture
changes in wave attenuation caused by seasonal variation of seagrass. The chapter
is based on a paper published in the Journal of Geophysical Research - Oceans (Paul
and Amos, 2011).
The work presented in Chapter 4 investigates in detail how leaf length, shoot density
and sti￿ness a￿ect wave attenuation by vegetation. Experiments were carried out
under controlled conditions in a laboratory ￿ume. Additionally, the e￿ect of an un-
derlying unidirectional current was investigated during these experiments. Seagrass
mimics were used to disentangle the e￿ect of morphological parameters. The mimic
dimensions for this laboratory study are based on Zostera noltii which provides the
link of these experiments to the previous chapters. The chapter is an adaptation
from a manuscript submitted to Marine Ecology Progress Series (Paul et al., accep-
ted) and a paper presented at the 5 th International Short Conference on Applied
Coastal Research (SCACR) in Aachen (Germany) in June 2011 (Paul et al., 2011a).
Finally, Chapter 5 summarises the main ￿ndings of this study. After a discussion in
the wider context of wave attenuation by submerged vegetation a recommendation
for future work is given.
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2.1. Abstract
Seagrass meadows are ecosystems of great ecological and economical value and their
monitoring is an important task within coastal environmental management. In this
chapter, an acoustic mapping technique is presented using a pro￿ling sonar. The
method has been applied to three di￿erent sites with meadows of Zostera marina,
Zostera noltii and Posidonia oceanica respectively, with the aim to test the method’s
applicability.
From the backscatter data the seabed could be identi￿ed as the strongest scatterer
along an acoustic beam. The presented algorithm was used to compute water depth,
seagrass canopy height and seagrass coverage and to produce maps of the survey
areas. Canopy height was estimated as the distance between the bed and the point
where backscatter values decrease to water column values. The algorithm was ex-
tended from previous methods to account for a variety of meadow types. Seagrass
coverage was de￿ned as the percentage of beams in a sweep where the backscatter
5-10 cm above the bed was higher than a threshold value. This threshold value is dy-
namic and depends on the average backscatter value throughout the water column.
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The method is therefore applicable in a range of turbidity conditions. Comparison
with results from other survey techniques (i.e. dive surveys, underwater videos) yiel-
ded a high correlation which indicates that the method is suited to measure seagrass
coverage and height.
Analysis of the data showed that each seagrass species has a characteristic canopy
height and spatial coverage distribution. These di￿erences were used to undertake
a preliminary species identi￿cation, as each species has a typical canopy height and
preferred depth range. Furthermore, the results show that these di￿erences can be
used to track boundaries between species remotely. Finally, the application of the
meadow distribution pattern to the health of a meadow is discussed.
2.2. Introduction
Seagrass meadows are highly productive ecosystems of ecological and economical
importance. They provide shelter for juvenile ￿sh and other animals (Connolly,
1994) and habitat for epiphytic algae and fauna that serve as prey for larger inver-
tebrates and ￿sh (Pihl et al., 2006). Additionally, the meadows provide food for
herbivores that graze on the leaves (Heck and Valentine, 2006). Seagrass meadows
are also recognised as stabilisers of the coast, binding sediments with their root sys-
tems (Den Hartog, 1970) and attenuating waves and currents (Gambi et al., 1990;
Fonseca and Cahalan, 1992; Lefebvre et al., 2010). Preservation and restoration
of seagrass beds are therefore essential goals of coastal environmental management
programs and require regular mapping of the seagrass meadows (Dennison et al.,
1993).
Various techniques have been used in the past to map and monitor seagrass, in-
cluding physical sampling, optical and acoustical methods. Physical sampling by
divers provides accurate localised data, but is time and labour intensive, especially
if a large area is to be surveyed regularly. Optical methods, based on satellite or
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aerial imagery, can be applied reliably in intertidal areas when images are taken du-
ring low tide. In the sublittoral zone those methods are limited by cloud coverage,
sea surface roughness and water clarity (Vis et al., 2003). An alternative option
is the use of a towed underwater video camera which can give a detailed record
of abundance and species composition (Norris et al., 1997; McDonald et al., 2006).
But here, data quality is limited by water clarity and interpretation of the video is
time-consuming and subjective (Crawford et al., 2001; Short et al., 2007).
Within the acoustic domain, side-scan and multi-beam sonars, as well as unidimen-
sional single beam instruments such as echosounders and current pro￿ling sonars,
have been used to map seagrass (e.g. Duarte, 1987; Warren and Peterson, 2007).
The principle behind the use of an acoustic technique is that a strong acoustic
backscatter arises from changes in the medium the sound travels through. These
changes take place at the water-bottom and the water-plant interfaces, but sources
of scatter also include bubbles, suspended sediment, organisms (i.e. ￿sh) and even
salinity and temperature gradients (Lavery et al., 2003; Warren et al., 2003). Sea-
grasses contain a system of gas-￿lled lacunae that provides gas exchange between
organs and buoyancy to the leaves (Phillips and Meæez, 1988). Moreover, the la-
cunae increase the contrast in acoustic impedance between seagrass leaves and the
surrounding water and hence are one factor for increased backscatter intensity at
the water-plant interface. In shallow water environments, vegetation and the sea-
bed generally contribute most to backscatter intensity and can be discriminated
from other sources (Warren and Peterson, 2007).
Side-scan sonars provide maps of seagrass distribution and qualitative changes in
coverage, but they do not give a measure of canopy height or bathymetric depth
(Pasqualini et al., 1998). Moreover, data from towed systems such as side-scan
sonars are di￿cult to position accurately and data quality decreases in shallow
water where the instrument movement is a￿ected by roughness on the water surface
(Kenny et al., 2003). It is possible to acquire data on canopy height from multi-
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beam sonars, but instrument cost might be disproportionate to acquired data as the
e￿ciency of survey area decreases with water depth (Komatsu et al., 2003).
Echosounders and Acoustic Doppler Current Pro￿lers (ADCPs) have been used
to estimate the presence of a canopy and height of submerged aquatic vegetation
(SAV) (e.g. Warren and Peterson, 2007; Sabol et al., 2009). Both systems sample in
one dimension and only provide data along a narrow track directly underneath the
instrument. A study in the Caloosahatchee estuary used a high frequency narrow
beam digital echosounder to measure canopy geometry of three di￿erent seagrass
species but was not able to discriminate between them (Sabol et al., 2002). The
system was able to detect vegetation down to canopy heights of 7 cm and low biomass
(60 g m 2 wet weight), but used a commercial system for data processing (Sabol
et al., 2009).
ADCPs are designed to measure velocity pro￿les throughout the water column. Ho-
wever, ADCP data appears to be suitable to identify SAV populations and quantify
canopy height. Warren and Peterson (2007) showed that the maximum backscat-
ter value can be identi￿ed as the seabed and the point with the largest change in
backscatter intensity gives a good proxy for the top of a Zostera marina canopy.
However, many ADCPs lack the vertical resolution to measure canopy height with
accuracy at centimetre scale.
An important part of the structural description of a seagrass meadow is an estima-
tion of the seagrass coverage, expressed as a percentage of area covered by plants
with respect to the area not covered (Buia et al., 2004). In the past, estimation
of coverage required divers or remotely operated vehicles to either assess coverage
visually (Grillas et al., 2000) or by counting presence and absence of the SAV in a
grid. The latter can be done directly in situ or can be derived from photographs
taken vertically from a ￿xed distance above the bed (Buia et al., 2004). Single
beam echosounders lack the ability to quantify spatial coverage or density of SAV
to either side of the survey track, since they cover a line rather than an area during
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surveying. ADCPs may be able to provide some spatial coverage based on the slope
of the backscatter intensity above the bottom (Warren and Peterson, 2007), but this
method has not yet been validated in detail.
Lefebvre et al. (2009) used a Sediment Imaging Sonar (SIS) to record a high-
resolution acoustic image of the seabed and the water column. This single beam
sonar has a rotating head and therefore acquires data two dimensionally, i.e. di-
rectly below the instrument and to either side of the ship’s track. The instrument
can be mounted on the ship’s hull and can therefore be positioned more accurately
than towed systems. Hull mounting also allows the use in shallow water where data
quality from towed systems would be poor due to water surface movement. In water
deep enough for towed systems, multi-beam sonars can provide a higher resolution
dataset on canopy height and coverage than the SIS. However, the SIS is a cost
e￿ective alternative as instrument costs are lower and surveys can be carried out at
higher boat speeds due to hull mounting. The SIS is able to sample at high vertical
resolution (centimetre scale) which allows a higher accuracy in estimating canopy
height than ADCP based surveys and the instrument settings allow adjusting the
sweep angle and therefore the horizontal area covered per sweep.
Lefebvre et al. (2009) surveyed within an angle of 46.8 ￿ centred downward which
yielded a length of bed surveyed per sweep approximating water depth (bed length
= water depth –16%). From these data they were able to compute water depth and
canopy height directly below the instrument head as well as seagrass coverage for a
Zostera marina meadow for the entire sweep. It gave both the height of the canopy
and quantitative information of spatial coverage. A disadvantage of the method is
that calculations of canopy height are based on threshold values that were found
empirically for a particular study site (Lefebvre et al., 2009). These values may
vary for di￿erent seagrass species, di￿erent locations or even di￿erent seasons when
turbidity, salinity and/or temperature vary from the ones in the described study.
To date, the SIS has been deployed over Zostera marina beds only. In order to
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test whether the SIS is able to map and quantify di￿erent species of seagrass it
was deployed over two additional meadows of Zostera noltii and Posidonia oceanica
respectively. Additionally, the computation method was revised herein to reduce
the in￿uence of site speci￿c empirical parameters. Moreover, the algorithm was
extended to better distinguish between unvegetated beds and seagrass canopies with
an inhomogeneous backscatter pro￿le and hence to detect other seagrass species.
The main aim of this study was to compare data collected with the SIS over the
three di￿erent seagrass species and explore whether the instrument, in combination
with the improved method of analysis, could be used to detect di￿erent seagrass
species and even distinguish between them. The ability to discriminate between
species would give the advantage of using the method to monitor seagrass extent
and species boundaries within mixed meadows. A second objective of this study was
to produce quantitative maps of seagrass coverage, a parameter that can be used to
identify a meadow’s health. By quantifying this parameter the presented method
could provide a means of comparing coverage of seagrass meadows between sites as
well as over time.
2.3. Material and Methods
2.3.1. Calshot, U.K. ￿ Zostera marina site
Zostera marina is the dominant seagrass species in the northern Atlantic, but is
also widely distributed in the northern Paci￿c (Short et al., 2007). Its ribbon-
shaped, dark green leaves generally grow 20-50 cm in length (although lengths up
to 3 m have been observed) and vary in width between 2 and 10 mm (Fonseca
and Cahalan, 1992). Shoots grow from rhizomes which spread to form extensive
meadows in sheltered, sublittoral (3 to 13 m below mean sealevel) waters with a
growth maximum around the spring low water mark (Den Hartog, 1970; Tubbs and
Tubbs, 1983; Den Hartog, 1994).
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Figure 2.1.: Locations of survey sites for a. Calshot ( Zostera marina) and Ryde
(Zostera noltii), and b. Oristano (Posidonia oceanica ).
The Zostera marina meadow mapped during this study is situated o￿ Calshot beach,
in the West Solent on the English south coast (Figure 2.1a). The beach is an
extension of Calshot spit which has been morphologically stable for the last 125
years (Lobeck, 1995) and consists of gravel with sandy patches. The site is sheltered
by the Isle of Wight and consequently waves are generally small, however suspended
particulate matter (SPM) concentrations of 30 mg/L lead to low visibility (Collins
and Ansell, 2000). The tidal range is 2 m during neap tides and reaches 4 m over
spring tides. Only the latter exposes the lower intertidal zone, situated between
2.7 m and 1.7 m below mean sealevel (MSL). In this area Zostera marina can be
observed during extreme low tides and the meadow’s extension below the low water
line was mapped in 2007 (Lefebvre et al., 2009).
A boat-based survey of the site was carried out around spring high tide on 12 th
September 2007 during calm conditions. In addition to the SIS, a towed underwater
video camera (Divecam-550C from Bowtech Products Ltd., Aberdeen, UK) was
deployed. It was mounted downward on a sledge and towed approx. 20 m behind
the vessel to obtain coverage measurements of the survey area (Lefebvre et al., 2009).
A total area of 44.6 ha was covered within four survey lines parallel to the shore,
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each approximately 1.5 km long and spaced 50-100 m apart. The site was visited
from the shore and by divers prior to the survey to obtain information about leaf
length and shoot density. On 24th and 31st July 2007, SCUBA divers surveyed 20
locations within the area, using a 30 x 30 cm quadrat to measure shoot density.
Leaf lengths from the base to leaf tip were measured with a tape measure to the
nearest centimetre and the 10 longest leaves were measured at each location. The
same quadrats were used at 17 locations that were visited on foot during low tide
on 2nd and 3rd August 2007. A more detailed description of these surveys can be
found in Lefebvre et al. (2009).
2.3.2. Ryde, U.K. ￿ Zostera noltii site
Zostera noltii is a temperate European species that is highly abundant along the
Atlantic coasts of Europe and around the British Isles; its distribution stretching
from southern Norway in the north to Mauritania in the south (Den Hartog, 1970).
It is an intertidal seagrass that is highly abundant between mean high and low water
neaps, but can be found in depths down to 5 m in the Mediterranean (Van Lent
et al., 1991; Auby and Labourg, 1996; Curiel et al., 1996). Its dark green leaves
are ribbon-shaped with a width of 0.5-1.5 mm and a length of approximately 20cm
(Phillips and Meæez, 1988). Zostera noltii shows strong seasonality with high growth
rates in spring and summer and a dormant phase in winter (Curiel et al., 1996).
The surveyed Zostera noltii meadow is located on the north coast of the Isle of
Wight, across the Solent from Calshot (Figure 2.1a). It covers approximately 40 ha
of Ryde Sand, an intertidal sand ￿at extending from a recreational beach. The sand
￿at is composed of ￿ne sand (Tonks, 2008) and is uniform in appearance with a
mean slope of 1:550 from the backing seawall towards the low water line. Like the
Calshot site, Ryde Sand is sheltered from swell of the English Channel by the Isle of
Wight, and incoming waves are small. The tidal range varies from 2 m for neap tides
to 4 m for spring tides. During low tides, Zostera noltii can be observed between
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0.7 and 2.7 m below MSL, and is succeeded by Zostera marina at the lower boundary.
A boat survey was carried out on 8 th June 2009 during a spring high tide. In total,
10 lines were recorded during a 2.5 h survey, six of them running parallel to the
shore and four perpendicular. Lines were spaced 30-80 m apart and a total area of
24 ha was covered. Conditions were calm during most of the survey, but towards
the end, chop caused considerable rolling of the boat during the survey of the lines
perpendicular to the shore. The site was re-visited on foot during low tide on 24 th
June 2009 to measure leaf lengths and to identify seagrass species and coverage at
designated locations within the survey area. Leaf lengths were measured from leaf
base to tip with a ruler to the nearest 0.5 cm at four locations within a 30 x 30 cm
quadrat and at each location 10 randomly chosen replicates were taken. Photographs
were taken at eight designated locations with a digital camera positioned vertically
1.2 m above the ground and each photograph covered approx. 0.5 m 2 of seabed.
Percent coverage was estimated by overlaying the photos with a regular grid in
CorelDRAW'. All positions during this survey were recorded with a handheld
GPS (Garmin, accuracy –5 m).
2.3.3. Oristano, Italy ￿ Posidonia oceanica site
Posidonia oceanica is a large perennial seagrass species endemic to the Mediter-
ranean Sea. The plant has ribbon-like leaves, 1 cm wide and up to 0.75 m long
(Buia et al., 2004), and is characterised by sti￿ vertical and horizontal rhizomes.
The oldest leaves senesce and detach from the rhizome during the ￿rst autumn
storms (Mateo et al., 2003). Average leaf length can vary seasonally, whilst in a
healthy meadow, stem density generally varies little over time (Gacia and Duarte,
2001). Posidonia oceanica meadows have been observed in shallow areas where they
form discrete patches and occur in reticulate to continuous beds in deeper waters
until coverage becomes patchy again at the lower boundary of the meadow (Borg
et al., 2005) which can be found in a depth up to 50 m in clear water conditions
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(Buia et al., 2004). Posidonia colonises several types of substrata from sandy beds
(De Falco et al., 2000; Lasagna et al., 2006) to rocky shores (Cancemi et al., 2000).
It can also grow on old matte reefs that are an ensemble of root systems, rhizomes
of the old plants and sediment (Ballesta et al., 2000).
The Posidonia oceanica meadow surveyed for this study is located in the microtidal
Gulf of Oristano (west coast of Sardinia, Italy) near the small ￿shing harbour at the
inlet of the Santa Giusta Lagoon (Figure 2.1b). The area is located in the central
part of an asymmetrical 20 km long sandy beach, interrupted only by the mouths
of several coastal lagoons and the Tirso River. The site is exposed to swell from the
southwest and to the prevailing north-westerly winds and it is characterised by a
shallow Posidonia oceanica meadow. The study area extends to a maximum depth
of about 8 m and the intertidal area was not surveyed.
A survey was conducted in the Gulf of Oristano on 13 th and 14th May 2007. A
total of 17 lines were surveyed with a line spacing of about 100 m. On 14 th May,
visual observation of the seabed from the vessel allowed direct comparison with SIS
real time data due to high water clarity (SPM 8 mg/L). Moreover, Posidonia shoot
density and leaf lengths were measured by divers. The stem density was recorded
at 14 stations using a 50 x 50 cm standard sampling quadrat following the sampling
method of Duarte and Kirkman (2001). Leaf length was measured to the nearest
0.5 cm from the leaf base to the leaf tip of 5 randomly chosen leaves at each station
using a ruler. The stations were randomly picked along a cross-shore transect.
2.3.4. Survey methodology
The SIS surveys were carried out using the R.V. Bill Conway in Calshot and Ryde
and a small dory in Oristano. During all three surveys, the same SIS was deployed
on a downrigger on the starboard side of the boat (Figure 2.2a) and positions were
recorded with the onboard di￿erential GPS (Trimble, submetre resolution) on R.V.
Bill Conway and a Garmin GPS (resolution –1 m) during the survey in the Gulf
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Table 2.1.: Instrument settings and survey speci￿c parameters for all three survey
sites.
Calshot Ryde Oristano
transmit pulse [s] 40 40 62
vertical resolution [cm] 1.5 1.5 4.7
sweep angle range from downward
vertical [￿] -23.4 to 23.4 -22.5 to 22.5 -35 to 55
sweep rate [s] 10.4 10.0 20.0
depth of transducer head below
surface [m] 0.94 0.72 0.80
water temperature [￿C] 18.3 16.2 19.3
salinity [-] 34.8 32.4 37.6
absorption coe￿cient [dB km 1] 0.391 0.397 0.395
velocity of sound [m s 1] 1516 1506 1522
boat speed [m s 1] 1 1 2
of Oristano. The SIS (Marine Electronics Ltd.) is a high frequency (1.1 MHz),
pro￿ling single beam sonar that records an acoustic image of the water column and
underlying seabed for each sweep (Figure 2.2a). The instrument recorded conti-
nuously and each sweep was recorded in 10-20 s, depending on total sweep angle
(Table 2.1). The sweep rate, in conjunction with the boat speed, led to a zigzag
track of data recording (Figure 2.2b) during which 10-40 m of boat track were cove-
red. The lateral extent of each sweep depended on water depth and sweep angle and
varied between 1.5 and 11 m. The Sediment Imager converter 1.0 (Marine Electro-
nics Ltd.) was used to convert the images data into an ASCII ￿le containing beam
angle, distance from transducer head and backscatter. Backscatter data are retur-
ned uncalibrated as linear relative integer values (0-255) and the instrument does
not incorporate a time-variable gain circuit. Comparing uncalibrated backscatter
data can cause inaccuracies, because seawater absorbs sound di￿erently when tem-
perature and salinity change (Roe et al., 1996). For this study the inaccuracies are
considered small, because all temperature and salinity pro￿les showed well-mixed
water columns and absorption coe￿cients (Ainslie and McColm, 1998) did not di￿er
signi￿cantly between sites (Table 2.1).
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Figure 2.2.: Schematic setup of the SIS during survey. a. The shaded area highlights
the part of water column and seabed recorded during a sweep; b. The
position of sweeps with respect to the boat track (not to scale). Each
sweep is composed of 53 to 103 beams along which 21 to 67 data points
(bins) were recorded per metre of water depth.
Table 2.1 summarises the SIS settings used during surveys and a detailed description
of the instrument can be found in Lefebvre et al. (2009). Within a sweep, beams
were 0.9￿ apart and horizontal resolution along a sweep therefore depended on water
depth and beam angle from the vertical; it was independent from the sweep angle.
At a water depth of 4 m, for example, horizontal resolution directly below the
sensor head was 6.3 cm and at the edge of the sweep horizontal resolution was
7-9 cm, depending on total sweep angle (Table 2.1). Vertical resolution depended
on the transmit pulse duration and varied between 1.5 and 4.7 cm for the respective
surveys (Table 2.1). To acquire accurate depth values from the acoustically obtained
image the correct value for velocity of sound was entered into the software prior to
starting the survey. The required value was computed in situ from temperature and
salinity measurements at each site respectively (Table 2.1).
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2.3.5. SIS data processing
Data for each sweep were processed individually following the approach of Lefebvre
et al. (2009). The data close to the transducer head were considered as noise due to
re￿ections from the water surface and the transducer head. Therefore the ￿rst 0.5 m
below the transducer head were excluded from the analysis. Within the remaining
pro￿le, the depth of the maximum backscatter along each beam was de￿ned as
the depth of the seabed. Thereafter, the height of the canopy and coverage were
calculated as follows.
Canopy height
Figure 2.3.: Backscatter intensity (BI) pro￿les for di￿erent vegetation types. The
seabed was identi￿ed at the maximum backscatter value and set to zero.
The dots represent the depth at which the di￿erence of backscatter in-
tensity (backm) to the bin above is highest and the triangles represent
the second highest value (back2). Values below zero are from the sub-
stratum and the grey area indicates the seagrass canopy. a. Zostera
noltii; b. Posidonia oceanica ; c. unvegetated bed; d. Zostera marina.
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To eliminate distortion due to beam angle, canopy height for each sweep was cal-
culated from a vertical pro￿le of backscatter intensity perpendicular to the seabed.
Such a pro￿le was achieved by averaging over the ￿ve centre beams of each sweep
which reduced variability and resulted in an average beam angle of 0 ￿ (Lefebvre
et al., 2009). To obtain information about canopy height and therefore identify the
presence or absence of seagrass, a method similar to the one employed by Warren
and Peterson (2007) to assess SAV coverage from ADCP data was adopted. The
method di￿ers from the one used by Lefebvre et al. (2009) which was purely empi-
rical. Warren and Peterson’s (2007) method was adapted by introducing the use of
the second highest di￿erence in backscatter intensity to distinguish between unvege-
tated pro￿les and vegetated pro￿les that show high backscatter values mainly in the
upper part of the canopy. The algorithm consequently improves accuracy compared
to previous methods.
To estimate canopy height the di￿erence in backscatter intensity ( back) between
bins along the averaged beam was calculated as:
backn = BIn   BIn 1 (2.1)
where BI is the backscatter intensity at the n th bin and the bin with n = 1 is
closest to the transducer head. This de￿nition yields positive values when a bin has
a higher backscatter intensity than the bin above. Backscatter pro￿les within the
Zostera noltii meadow showed a region of high values just above the bed with a
rapid drop in backscatter to water column values (Figure 2.3a). Pro￿les within the
Posidonia oceanica meadow also had almost constant values throughout the canopy
and showed maximum backscatter intensity (backm) at the top of the canopy, but
values within the meadow were lower than the maximum backscatter intensity at
the bed (Figure 2.3b). In unvegetated areas, backm was found at or close to the
bed (Figure 2.3c). Therefore, the top of the seagrass canopy was identi￿ed as the
maximum backscatter di￿erence and the canopy height s was computed as:
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find max. backscatter intensity BIm
and define its depth hb as seabed
calculate ∆backm and
∆hm = hb – h∆backm
if ∆hm > 5 cm if ∆hm < 5 cm
calculate ∆back2 and
∆h2 = hb – h∆back2
∆backm = top of canopy 
and s = ∆hm
if ∆h2 > 10 cm
s = ∆h2
if ∆h2 < 10 cm
s = 0 cm
= unvegetated bed
Figure 2.4.: Schematic of method for determining canopy height.
s = hb   hbackm (2.2)
where hb is the depth of the seabed and hbackm is the depth of backm. Within
the Zostera marina meadow, however, many of the backscatter pro￿les showed a
di￿erent behaviour, with the upper edge of the canopy clearly distinguishable in the
pro￿le but backm located at or near the bed (Figure 2.3d).
In order to correctly evaluate canopy height in those pro￿les, the second highest
di￿erence in backscatter intensity between adjacent bins ( back2) was calculated if
backm was at or within 5 cm of the seabed. Two scenarios were then identi￿ed
(Figure 2.4): either back2 was less than 10 cm above the seabed or it was 10 cm
above the seabed. In the ￿rst case the location was identi￿ed as unvegetated while
in the second case the position of back2 was de￿ned as the top of the canopy and
s = hb   hback2 (2.3)
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with hback2 being the depth of back2, was used instead of eq. 2.2. The threshold
of 10 cm was found empirically and the approach gave good agreement (72%) of
canopy height values with observed canopy heights in the backscatter pro￿les with
the shape shown in Figure 2.3d. Consequently, it was applied to the data from all
three sites. To reduce computation time and the e￿ect of noise in the water column,
the di￿erence in backscatter intensity was calculated for a de￿ned region above the
bed only. It was set to 0.8 m for all three surveys, but could be adjusted to match
an expected maximum canopy height for future surveys.
Coverage
Seagrass coverage was calculated as the percentage of beams in a sweep that contai-
ned seagrass. Using an approach similar to Lefebvre et al. (2009), backscatter values
of three bins were averaged (BIb) in an area just above the bed. Bins closer than
5 cm to the bed can still show increased backscatter values due to scattering from
the bed and were not considered reliable when identifying the presence or absence of
vegetation. The three averaged bins therefore started with the ￿rst bin that was at
least 5 cm above the bed (Figure 2.5). This region was chosen because high backs-
catter values close to the bed indicated seagrass coverage irrespective of species and
the method could therefore be applied to all three survey sites. The averaged value
for each beam was compared to a threshold value of the form
BI = BIw + p (2.4)
with BIw being the background backscatter value and p being a constant. BIw was
de￿ned for each sweep as the mean backscatter intensity of the water column between
0.5 m below the instrument head and 0.8 m above the bed, and was calculated along
the pro￿le averaged over the ￿ve centre beams (Figure 2.5). The constant p was
added to generate the threshold value for identi￿cation of seagrass presence. The
value p = 50 was found empirically for all three sites and was consistent with the
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constant value of 120 used by Lefebvre et al. (2009) in Calshot. Finally, a beam was
de￿ned as containing seagrass if
BIb > BI (2.5)
As the threshold value was de￿ned relative to background backscatter values throu-
ghout the water column (eq. 2.4) the method was independent of changing backs-
catter values due to turbidity.
It would be possible to geo-reference each beam in a sweep and hence obtain high
resolution coverage data. However, as the length of seabed covered per sweep is
small compared to the lengths of survey lines in this study, it would not be possible
to present the whole dataset in a su￿cient resolution. It was therefore decided to
express seagrass coverage as the percentage of beams in a sweep with a backscatter
intensity value that satis￿es eq. 2.5, i.e. beams that contain seagrass, and hence give
one coverage value per sweep. This provides a spatial average for a sweep length of,
in this case, 1.5 to 11 m, depending on water depth and sweep angle.
Figure 2.5.: Calculation of coverage for a sweep. BIw is calculated using the ￿ve
centre beams from 0.5 m below the sensor head to 0.8 m above the bed.
A beam was identi￿ed as containing seagrass if BIb > BIw + 50.
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Spatial alignment
Navigation data were used to plot the spatial distribution of the survey lines and
linear interpolation was used to generate a regular spacing along the track plot.
Subsequently, results from the SIS data were assigned to their sampling locations on
the track plot using the ￿le time stamp. Additionally, the depth of the seabed was
corrected for the depth of the transducer head below the surface and the tidal height
during the survey (after Lefebvre et al., 2009) to yield bathymetric data relative
to mean sealevel along the survey lines. Maps were generated in arcMAP ﬁ and
bathymetric data were interpolated using the Natural Neighbour interpolation with
a raster cell size of 5 m in Calshot and Ryde and 10 m in Oristano. All depths in
this chapter are given below mean sealevel (MSL) to provide a comparison between
the di￿erent study sites.
Figure 2.6.: Examples of SIS sweeps over a. unvegetated seabed; b. Zostera noltii; c.
Zostera marina and d. Posidonia oceanica. The strongest backscatter
is on the seabed while a strong backscatter above the seabed shows the
presence of seagrass. Distance along the x-axis is given as distance from
the centre beam of the sweep and the length of seabed covered by the
sweep depends on water depth. The image of an undulating seabed is
caused by ship movement.
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A total of 3,684 sweeps were recorded during the surveys. Within all sweeps the
strongest backscatter intensity represented the seabed irrespective of seagrass pre-
sence (Figure 2.6). Manual inspection of all vertical pro￿les con￿rmed that the
algorithm correctly identi￿ed the seabed in all cases, resulting in bathymetric infor-
mation along the survey lines.
2.4.1. Calshot
For more than 99% of the 1,786 pro￿les processed for the Calshot site canopy height
values were within the expected height range (20-50 cm) of Zostera marina. For
10 pro￿les, the values were above the expected height range and visual inspection
identi￿ed the pro￿les as outliers, where backm was located at the bed and back2
was higher up in the water column due to noise or the presence of another scatterer,
e.g. ￿sh or algae. Figure 2.7a shows the distribution of canopy heights. The cleaned
distribution (canopy height < 50 cm) has a mean value ( –standard deviation) of
15–7 cm and a skew of 1.1.
The present method showed high canopies (>0.2 m) in the centre of the survey area
in a depth of 2.5 to 2.0 m (Figure 2.9a), which agrees well with the high canopy values
(>0.15 m) found for the same area by the previous study (Lefebvre et al., 2009).
This high canopy continued to the northern end of the survey area where Zostera
marina had been observed during on-foot surveys at low tide. Additionally, values
of 0.15-0.2 m were found along the western edge of the survey area where seagrass
presence was clearly seen on aerial photographs (CCO, 2009). Seagrass coverage
showed the same spatial distribution as the canopy height with maximum values
(>60%) in the centre of the survey area and scarce seagrass abundance (<25%) in
shallow areas (<1.5 m) and along the central part of the survey line closest to shore
(Figure 2.9b).
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Figure 2.7.: Histograms of canopy height for a. Calshot (n = 1786); b. Ryde (n
= 890) and c. Oristano (n = 1008). Bin size is 1.5 cm in all cases
and the di￿erent appearance of c. is caused by the di￿erence in the
dataset’s vertical resolution (Table 2.1). The dashed line indicates the
mean value.
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Figure 2.8.: Seagrass coverage in % per sweep in relation to water depth for a. Cal-
shot (n = 1776); b. Ryde (n = 884) and c. Oristano (n = 1008). Data
are pooled in 0.5 m bins. The grey areas indicate the intertidal zone
above lowest astronomical tide; note that the intertidal was not covered
in Oristano.
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Figure 2.9.: Spatial distribution of a. canopy height and b. coverage for Calshot.
Bathymetry was interpolated (Nearest Neighbour in arcMAP ﬁ) from
seabed depth with a cell size of 5 m. Aerial photo (2005, ortho-recti￿ed)
courtesy of the Channel Coastal Observatory (CCO, 2009).
With decreasing depth, coverage increased until it reached a peak of 47 –23% just
below the lowest astronomical tide at 3 m. Coverage dropped to values of less than
10% in depths of 1.5 m with further decreasing depth (Figure 2.8a). This agrees
well with the species depth distribution (sublittoral, with a preference for the upper
sublittoral). Coverage was generally low (<50%) which corresponds with the results
from the video survey where the majority of the area was classed as small (decimetre)
patches (Lefebvre et al., 2009).
2.4.2. Ryde
At Ryde, 6 pro￿les resulted in canopy heights of more than 0.5 m which could be
identi￿ed as outliers by visual inspection of the pro￿les with backm at the bed
and back2 located higher up in the water column due to noise or other sources of
scattering. They were removed from the dataset, while the remaining 884 pro￿les
yielded canopy heights within the expected range of up to 0.5 m for Zostera sp.
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Figure 2.10.: Spatial distribution of a. canopy height and b. coverage for Ryde.
Bathymetry was interpolated (Nearest Neighbour in arcMAP ﬁ) from
seabed depth with a cell size of 5 m. The undulations in the depth
contours are an artefact from the survey line spacing. The circle marks
the area where Zostera marina was identi￿ed. Aerial photo (2005,
ortho-recti￿ed) courtesy of the Channel Coastal Observatory (CCO,
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The mean canopy height for the cleaned distribution ( canopy height < 50 cm)
in Ryde was 12–6 cm and the population had a pronounced positive skew of 2.3
(Figure 2.7b). The spatial distribution of canopy height in Ryde showed a fairly ho-
mogeneous canopy in the central region of the survey area (Figure 2.10a), mainly in
depths between 1 and 2 m, and the on-foot survey con￿rmed the presence of Zostera
noltii throughout this region. Canopy height values in the northeast corner of the
survey area were unexpectedly high for Zostera noltii. Both, the central region and
the northeast corner were characterised by >75% coverage (Figure 2.10b). Coverage
reduced slightly towards the shore and dropped to low values at the northward edge
of the survey area. Here the bathymetry dropped towards the Solent’s navigation
channel and grab samples con￿rmed the absence of seagrass.
In Ryde, the seagrass coverage showed low values in deep water and rose quickly
to a maximum (72–11%) at a depth of 2 m and then slowly decreased with de-
creasing depth (Figure 2.8b). The high canopy in the northeast corner and the
presence of seagrass in the sublittoral zone down to 5.5 m suggested the presence of
a di￿erent seagrass species, as Zostera noltii has not been reported in such depths
in the Solent (Samiaji, 2001). This was further con￿rmed by the change in backs-
catter pro￿les from the centre to the northeast corner of the survey area. In the
central region pro￿les showed high backscatter values just above the bed that drop-
ped abruptly to water column values similar to pro￿les characteristic of Z. noltii
canopies. The pro￿les in the northeast corner, on the other hand, showed a slow
decrease in backscatter within the ￿rst 10 cm above the bed, then increased again to
a second maximum between 10 and 20 cm above the bed before slowly dropping to
water column values which resemble pro￿les recorded in Zostera marina canopies.
The presence of Z. marina in the northeast corner was con￿rmed during the on-foot
survey and explains the seagrass coverage down to 5.5 m in Figure 2.8b.
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2.4.3. Oristano
Figure 2.11.: Spatial distribution of a. canopy height and b. coverage for Oristano.
Bathymetry was interpolated (Nearest Neighbour in arcMAP ﬁ) from
seabed depth with a cell size of 10 m. Aerial photo from Google Earth ￿
(2007).
All 1,008 pro￿les in the Oristano dataset gave canopy heights that lie within the
expected height values for Posidonia oceanica of up to 0.75 m (Figure 2.7c). With
a mean value of 31–12 cm and a mode of 33 cm the canopy height distribution
showed a lower skewness (-0.4) than the distributions for the two Zostera species,
indicating the structural di￿erence of the two genera.
Canopy height distribution showed the absence of seagrass close to the shoreline
(Figure 2.11a) which was con￿rmed during on-foot visits to the shore. Furthermore,
it showed the highest canopies (>0.4 m) in a depth range of 4 to 5 m, while shallower
(2.5 to 4 m) and deeper areas (7 to 5 m) were covered by lower canopies which
corresponded to observations made during dive surveys. The area close to the shore
was identi￿ed as unvegetated or sparsely covered (coverage <25%) and the channel
that reaches into the survey area from the northeast was characterised by lower
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coverage (50-75%) than the rest of the area (>75%, Figure 2.11b). Both observations
have been con￿rmed by divers. The northeastern part of the survey area is adjacent
to a lagoon inlet which could explain the reduction in coverage, because the lower
limit of Posidonia oceanica has been observed at approx. 9 m in turbid waters and
near fresh water inlets (Gobert et al., 2006).
The bathymetric distribution of coverage in Oristano (Figure 2.8c) showed a maxi-
mum (85–16%) at 4.5 m and stayed above 80% down to depths of 6 m before it
slowly reduced with increasing depth. In shallower waters, coverage dropped to zero
at 2 m.
2.4.4. Method validation
Leaf length was recorded during the on-foot and dive surveys. Seagrass generally
bends with currents and hence canopy height is often smaller than leaf length,
e.g. in Calshot maximum leaf lengths of 40 to 80 cm were recorded while divers
observed canopy heights between 15 and 30 cm (Lefebvre et al., 2009). Nevertheless,
canopy heights computed from the SIS were compared to leaf length measurements.
The SIS sweep closest to the sampling location was chosen for comparison and the
average distance between those points was 5.7 –4.6 m. As expected, the canopy
heights calculated from SIS data in Calshot were smaller than recorded leaf lengths
(Figure 2.12a). However, they agree well with canopy heights measured in situ
(15-30 cm). For Ryde and Oristano, a comparison between estimated canopy height
and measured leaf lengths showed a good correlation (R 2 = 0.73, p < 0.001, n = 16,
Figure 2.12a). The slope di￿ered from unity (m = 0.77), which could be explained
by the di￿erence between canopy height and leaf length. The mean canopy height
in Ryde (12–6 cm) was slightly smaller than the mean leaf length (14 –3 cm) which
can be explained by leaf bending under tidal currents. For Posidonia oceanica, the
canopy height (31–12 cm) matched the observed leaf length (32–4 cm) well.
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Figure 2.12.: Comparison of a. canopy height ( SIS = 0:77insitu+3:70, R2 = 0:73)
and b. coverage (SIS = 0:73  in situ + 15:27, R2 = 0:85) for values
measured in situ versus values estimated with the SIS. Note that for the
canopy height, data from Calshot was excluded from linear regression
and in situ coverage data was only obtained in Ryde.
Coverage in Calshot was compared to video data by Lefebvre et al. (2009) and a
satisfactory agreement (R 2 = 0.61) was found. For the Ryde data, coverage was
compared to estimates derived from in situ photography at eight locations which
led to very good agreement (m = 0.73, R 2 = 0.85, p = 0.001, Figure 2.12b). The
coverage estimates of Posidonia oceanica in Oristano yielded a good agreement with
analysis of aerial photography carried out by De Falco et al. (2006). Overall, the good
agreements with various other methods of canopy height and coverage determination
indicate that the SIS and the presented algorithm provide a robust method for
estimating seagrass canopy height and coverage.
2.5. Discussion
The results show that the presented method yields good results in a wide range of
water depths (0.8-8 m), turbidities (SPM = 8-30 mg/L) and sea states (calm to
choppy) and is therefore robust against the e￿ects of varying environmental condi-
tions. However, so far the SIS has only been deployed during summer and early
autumn, when above ground biomass was high and it is not yet known how the
method performs in winter when above ground biomass is low.
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This study also shows that it can be applied to seagrass species of di￿erent morpho-
logies. All seagrass species have a lacunal system that give buoyancy to the leaves
(Phillips and Meæez, 1988) and increase scattering at the water-plant interface. The
lacunal system in Zostera sp. is more pronounced than in Posidonia sp. (Kuo and
Den Hartog, 2006) which may explain the higher backscatter values relative to the
bed within the Z. noltii and Z. marina canopies compared to P. oceanica (Figure
2.3). It could also explain the di￿erence in pro￿le shapes between species in this
study. The seagrass in Calshot and Ryde bent under a tidal current, which led to an
uneven vertical distribution of biomass throughout the canopy: leaves stay upright
close to the bed and bending only takes place further up along the leaf; the loca-
tion of this bending point depending on species and current velocity. From there
upwards, the leaves will align themselves almost horizontally and their biomass will
accumulate in a layer at the top of the canopy (Fonseca et al., 1982). This layer
will also contain most of the leaves’ lacunae and therefore may cause higher back-
scatter intensity than the lower part of the canopy. In Z. noltii, the bending point
is located close to the bed and the di￿erent parts of the canopy could not be clearly
di￿erentiated within the pro￿le (Figure 2.3a and 2.6b). For Z. marina, however, the
bending point was higher up because the seagrass leaves are generally longer and
sti￿er than for Z. noltii and the SIS resolution was su￿cient to detect the two parts
of the canopy (Figure 2.3d and 2.6c). P. oceanica, on the other hand, did not bend,
as tidal currents were negligible in Oristano. The pro￿les therefore show an even
distribution of backscatter intensity throughout the canopy (Figure 2.3b and 2.6d).
Lefebvre et al. (2009) suggested that di￿erent seagrass species might create di￿erent
backscatter intensities, leading to the maximum backscatter values being located
within the seagrass canopy instead of at the bed. Such behaviour was found in a few
pro￿les during a previous study with Zostera marina (Warren and Peterson, 2007)
and would lead to misinterpretation of bathymetric depth and all other parameters.
Using an averaged pro￿le over the ￿ve centre beams reduced possible backscatter
maxima within the canopy. In a gentle sloping terrain, the bed will be at the
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same height along the distance covered by the ￿ve centre beams (0.3-0.8 m) and
will therefore create a strong backscatter in the averaged pro￿le. The height of
high backscatter in the canopy, however, is likely to vary from beam to beam and
consequently will be averaged out. Thus, at all three sites during this study the
seabed was always the strongest scatterer, which was con￿rmed by manual inspection
of all vertical pro￿les. This result suggests that bed detection is not signi￿cantly
a￿ected by the presence of SAV, thus reliable calculation of bathymetric depth even
within the seagrass meadows is possible.
Canopy heights were in good agreement with observations based on other methods
(Figure 2.12a and Figure 4a in Lefebvre et al., 2009). The introduction of back2
in the algorithm made it applicable to varying pro￿le types (Figure 2.3) and hence
is an improvement to the method described by Warren and Peterson (2007). Their
method would have identi￿ed pro￿les similar to the one shown in Figure 2.3d as
unvegetated and could therefore not have been used to assess Zostera marina pre-
sence and canopy height in the Solent correctly. The regression line in Figure
2.12a over-predicts low canopy heights (<16 cm) and slightly under-predicts values
>16 cm. This discrepancy may be caused by the use of leaf length from the in
situ measurements as a proxy for canopy height. Inaccuracies may also partly be
caused by the vertical resolution of the data which lead to inaccuracies of 10-14%
for all three sites. Another source of inaccuracy may come from the averaging of
the ￿ve central beams to calculate canopy height causing the two outermost beams
to be 3.6￿ apart. The length of seabed between those two beams varied with wa-
ter depth and ranged from 0.3 to 0.8 m. Any changes of canopy height along this
distance a￿ected the result’s precision and may explain some of the discrepancies
found between direct and SIS measurements.
Accuracy of canopy height estimations also depend on present hydrodynamic forcing.
Currents reduce canopy height by bending leaves and canopy height will decrease
with increasing ￿ow velocity until a maximum bending angle is reached (Vogel, 1994;
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Boller and Carrington, 2006). Current velocity and direction at a given location
change over the tidal cycle which may lead to changing canopy heights in SAV
exposed to tidal currents. Another possible reason for canopy height variation is
wave motion which moves ￿exible vegetation back and forth (Chapter 4). As a
result, canopy height may change on very short timescales. The canopy heights
derived from backscatter values can therefore only be seen as estimates as they give
a momentary value and cannot be considered constant over any given amount of
time.
Discrepancies in canopy heights from Calshot may also have been caused by the sam-
pling schedule. The in situ observations were made in summer (July-August) while
the SIS survey was carried out approximately six weeks later in mid September. It is
possible that the di￿erent sampling dates resulted in observations of di￿erent growth
states of the Zostera marina meadow. In summer, the meadow will have reached
its peak in the growth cycle with maximum leaf lengths and shoot densities, while
in September the autumn decline might have set in (Den Hartog, 1970), resulting in
generally lower values. However, it is not clear whether this di￿erence in sampling
dates a￿ected the quality of validation results. No data are available on growth
cycles of Zostera marina and Chapter 3 showed that leaf lengths do not change
signi￿cantly throughout the year for Zostera noltii in the Solent which suggests that
a six week gap in the sampling schedule may not a￿ect data quality signi￿cantly.
Spatial resolution during this study was generally low. The spatial resolution along
the boat track depends on boat speed and sweep angle; it was 10-40 m in this study.
Based on the used settings (Table 2.1), the surveys covered approx. 10 ha per hour.
Such surveying speed allows seagrass mapping even in intertidal areas (e.g. in Ryde),
where su￿cient water depth is only maintained for a short time (i.e. 1-2 h) during
each tidal cycle. However, the low spatial resolution may increase inaccuracies in
the detection of meadow edges and patch sizes.
Survey resolution could also a￿ect derivation of coverage and canopy height maps.
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Table 2.2.: Statistical values for canopy height distributions at all three sites.
Calshot Ryde Oristano
mean [cm] 15 12 31
standard deviation [cm] 7 6 12
mode [cm] 6 11 33
skewness [-] 1.1 2.3 -0.4
number of data points 481 634 1107
Natural coverage and canopy height are randomly distributed and it is therefore
di￿cult to interpolate such data correctly, even at high resolutions. Thus, the low
resolutions in this study did not allow interpolation of the data. Without interpola-
tion, however, an overview map strongly depends on the speci￿c sampled locations
and maps of the same location may vary depending on the position of survey lines.
It is therefore recommended for future use of the method to carefully assess the
required resolution of the resulting map and to adjust the spacing of survey lines
accordingly.
The canopy height distributions for the three sites show di￿erent peak and skew-
ness values (Table 2.2). A one-way ANOVA showed that all three datasets were
signi￿cantly di￿erent at the 0.01 level. This outcome suggests that canopy height
can give an initial indication of which seagrass species might be present at the sur-
veyed site. Moreover, changes in canopy height on the medium scale could indicate
a change of seagrass species. This was the case in Ryde where canopy heights in
the northeast corner were considerably higher than throughout the rest of the sur-
vey area and an in situ survey con￿rmed Zostera marina in that region while the
remaining area was occupied by homogeneous Zostera noltii. This case gives a ￿rst
indication that it might be possible to map boundaries between species in addition
to the overall extend of SAV. Such a feature would be very useful in regions where
species succeed one another with increasing depth (i.e. Zostera noltii and Zostera
marina in temperate waters), but also in regions where pioneer and climax species
co-exist in the same habitat (i.e. Cymodocea nodosa and Posidonia oceanica in the
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Mediterranean). More detailed surveys of species boundaries are required to explore
the method’s capability of identifying di￿erent species within one survey.
Seabed length per sweep in this study varied from 1.5 to 11 m which altered the
reference value for coverage throughout each survey. It would be possible to standar-
dise the reference value by restricting computation of coverage to a de￿ned length of
seabed on either side of the centre beam. However, such a restriction would discard
data obtained outside this de￿ned length which may not be desirable, given that
it is a strength of this method to collect data over a swath and not just along a
narrow path along the ship’s track. The computation of coverage was based upon a
threshold value; beams that exceeded this value were de￿ned as containing seagrass.
The threshold is based on the mean background value throughout the water column
and the method therefore can be equally applied in clear and turbid waters. In re-
latively clear conditions such as Oristano (SPM = 8 mg/L), backscatter throughout
the water column was small (BIw t 40) while in more turbid conditions such as the
Solent a higher SPM value of approx. 30 mg/L (Collins and Ansell, 2000) led to
higher backscatter throughout the water column with BIw t 80 (Figure 2.3). With
such di￿erences in mean backscatter of the water column, a constant threshold value
could not be applied. The threshold of mean water backscatter plus 50 (eq. 2.4)
was found empirically and seems to match the conditions at all three study sites,
suggesting that it is a suitable value for a range of conditions and seagrass species.
Future use of the SIS and the presented method will show how widely applicable
this empirical threshold is.
Coverage measurements were compared to three other methods of coverage deter-
mination and the good correlation indicates that the SIS provides robust estimation
of seagrass cover. The presented method summarises coverage of a whole sweep in a
single value which is plotted along the boat track. While those values give a robust
indication of coverage, the method lacks spatial resolution which could be provided
by side-scan or multi-beam sonars.
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Table 2.3.: Appearances of a seagrass meadow and possible implications (Duarte
et al., 2006).
appearance of the meadow possible reasons for appearance
continuous healthy and well established
located in the species’ preferred growth
depth
reticulate colonisation of a new area
located outside the species’ preferred
growth depth
discrete patches colonisation of a new area
fragmentation of an existing meadow
located at the boundaries of the species’
possible growth depth range
Coverage distribution at all three sites showed the highest coverage in the preferred
depth range of the respective species. Most SAV have a preferred growth depth
(Den Hartog, 1970) which could be used as an indicator of seagrass species. Cove-
rage values, however, will vary for sites of the same species depending on health and
growth state of the meadow. A healthy, well established seagrass bed will return
high coverage values indicating a continuous meadow without major gaps. Seagrass
patches, on the other hand, indicate either colonisation of a new area or fragmenta-
tion of an existing meadow (Duarte et al., 2006). Seagrass coverage is therefore an
important parameter for identifying a seagrass meadow’s health (Table 2.3). Mo-
nitoring changes in seagrass coverage requires a method that is not in￿uenced by
observer bias. Direct surveys carried out by divers are subjective and bias can only
be reduced by using the same person for the survey every time. This can prove pro-
blematic if a site needs to be surveyed over several decades. The presented method
provides an unbiased quanti￿cation of coverage and therefore allows comparison of
survey results carried out by di￿erent people, provided the same settings are used
during each survey. In addition to the instrument settings environmental conditions
such as ￿ow velocities need to be considered when comparing results from di￿erent
surveys. As mentioned previously, tidal currents can cause seagrass to bend and
therefore a￿ect canopy height. If canopy height from di￿erent surveys should be
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compared, it is recommended to survey during similar stages of the tidal cycle in
order to have a similar ￿ow e￿ect on canopy height.
Overall, the developed method provides a fast and cost e￿ective alternative to exis-
ting methods that can also be applied in shallow water depths. Comparison with
other sampling methods suggests that the method is able to estimate canopy height
and coverage correctly, but a more systematic approach is required to calibrate
these results. It is therefore suggested to carry out combined SIS and dive sur-
veys to sample coverage and canopy height simultaneously with both methods for
comparison.
2.6. Conclusions
The presented method for seagrass mapping is able to provide quantitative data on
spatial distribution, coverage and canopy height of seagrass meadows. By providing
all three parameters during one survey, the method is an improvement compared
to other methods currently used for seagrass mapping, i.e. dive or camera sur-
veys, side-scan sonars. The method was improved compared to previous algorithms
by reducing the in￿uence of turbidity in the water column which is survey speci-
￿c. Contant threshold values were replaced by dynamic threshold parameters that
are de￿ned relative to background backscatter values. Another improvement over
previous methods is the introduction of the parameter back2. By evaluating the
position of back2, the algorithm is able to identify inhomogeneous seagrass canopies
even if the location of backm would suggest an unvegetated pro￿le.
The method also quanti￿es seagrass coverage which can be used to describe a mea-
dow’s health and monitor its change with consecutive surveys in a non-biased way.
Moreover, as shown in Ryde, the combined information on canopy height and depth
of maximum coverage can be used as an indicator of species. Identi￿cation of spe-
cies allows tracing of species boundaries within a mixed meadow and therefore can
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improve resolution of habitat maps. However, ground-truthing by divers or on foot
will still be necessary to con￿rm observations made during the boat based survey,
but these can be carried out as targeted visits to special points of interest which
would reduce the amount of required diving and the associated costs signi￿cantly.
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783. Spatial and seasonal variation
in wave attenuation over
Zostera noltii
3.1. Abstract
Wave attenuation is a recognised function of seagrass ecosystems which is belie-
ved to depend on plant characteristics. This chapter presents ￿eld data on wave
attenuance collected over a 13 month period in a Zostera noltii meadow. The
meadow showed a strong seasonality with high shoot densities in summer (approx.
4,600 shoots/m2) and low densities in winter (approx. 600 shoots/m 2). Wave heights
and ￿ow velocities were measured along a transect at regular intervals during which
the site was exposed to wind waves and boat wakes that di￿er in wave period and
steepness. This di￿erence was used to investigate whether wave attenuation by
seagrass changes with hydrodynamic conditions. A seasonal change in wave atte-
nuation was observed from the data. Results suggest that a minimum shoot density
is necessary to initiate wave attenuation by seagrass. Additionally, a dependence of
wave attenuation on hydrodynamics was found. Results suggest that the threshold
shoot density varies with wave period and a change in energy dissipation towards
the shore was observed once this threshold was exceeded. An attempt was made to
quantify the bed roughness of the meadow; the applicability of this roughness value
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in swaying vegetation is discussed. Finally, the drag coe￿cient for the meadow was
computed: A relationship between wave attenuance and vegetation Reynolds num-
ber was found which allows comparing the wave attenuating e￿ect of Zostera noltii
to other plant species.
3.2. Introduction
Wave attenuation has been recognised as an important ecosystem function of sea-
grass meadows (Madsen et al., 2001) that contributes to the economic value of such
ecosystems (Koch et al., 2009). Attempts have been made to quantify the economic
value of ecosystems and at present, the valuation process is based on the assump-
tion that ecosystem functions vary linearly with plant characteristics (Barbier et al.,
2008). However, laboratory experiments showed that plant traits such as shoot
density and canopy height lead to a non-linear response in wave height reduction
(Fonseca and Cahalan, 1992; Bouma et al., 2010) and linearity may therefore be an
inappropriate approximation (Koch et al., 2009).
While non-linear relationships have been observed in laboratory studies (MØndez
et al., 1999; Bouma et al., 2010), only few ￿eld studies are available to quantify
the non-linear response of wave attenuation to changing vegetation characteristics.
Some vegetation characteristics may require a minimum value before their e￿ect on
wave attenuation can be observed; Newell and Koch (2004) for example found that
a minimum shoot density was required for Ruppia maritima. Other characteristics,
e.g. population growth, may lead to an asymptotic relationship (Koch et al., 2009).
To date, most studies were carried out on short time scales and during summer
months, when above ground biomass was high. Such results cannot be applied to
the whole year if a species shows a high seasonality (Widdows et al., 2008). For
example, Verduin et al. (2002) sampled for ￿ve to ten minutes in an Amphibolis
antarctica meadow and repeated data collection in spring and autumn; Bradley
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and Houser (2009) studied a Thalassia testudinum bed and collected data for a
duration of seven hours in early autumn while Prager and Halley (1999) acquired
data for two days in late autumn in a Thalassia meadow. For the seagrass Ruppia
maritima ten day deployments were carried out in August (Ward et al., 1984), and
June and October (Newell and Koch, 2004). While the combined interpretation
of those studies would provide a better understanding of the a￿ect of changes in
Ruppia maritima on wave attenuation, none of them includes the winter state with
low above ground biomass.
In addition to the temporal scale, the spatial distribution needs to be considered
when assessing the non-linear relationship between wave attenuation and vegetation.
Previous studies on submerged vegetation found an exponential wave decay with
distance into the vegetation (Kobayashi et al., 1993; M￿ller et al., 1999; Bouma
et al., 2010) and that this exponential relationship changed with canopy height and
density (Newell and Koch, 2004; Bouma et al., 2010). While individual studies have
addressed the change of wave decay with distance from the meadow edge on short
time scales (Bradley and Houser, 2009), no data are yet available to con￿rm its
dependence on seagrass characteristics under ￿eld conditions.
In the ￿eld, seagrass meadows are exposed to a wide range of wave conditions. De-
pending on the site, they experience long period ocean swell, locally-generated short
period wind waves or boat wakes. Boat wakes can lead to erosion along otherwise
stable coastlines, because they have a higher height/length ratio than natural waves
(Fonseca and Cahalan, 1992) which may also lead to a di￿erent interaction with
seagrass. An understanding of this interaction would be desirable for planning new
boat activity in coastal regions as it would allow estimations of wake impact on the
coast (Fonseca and Cahalan, 1992). However, boat wake attenuation over seagrass
has not been investigated in detail (Ciavola, 2005).
Several formulae exist to describe wave attenuation and the associated energy dissi-
pation caused by bed features (e.g. Nielsen, 1992; Madsen, 1994). These formulae
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were initially developed for monochromatic wave conditions (Jonsson, 1966); Mad-
sen (1994) extended them to spectral waves to make them applicable to more natural
conditions. All models use a hydraulic length scale kN to describe bed roughness.
For ￿at beds, kN equals the Nikuradse sand grain roughness, and an equivalent bed
roughness is used when bed forms are present (Kamphuis, 1975). This approach is
valid for a wide variety of bed features; Mathisen and Madsen (1996a,b, 1999) ap-
plied it to evenly spaced triangular bars in a wave ￿ume and it has been successfully
used to estimate the bed roughness of a coral reef ￿at (Lowe et al., 2005). However,
the models are based on the assumption that kN is constant and independent of hy-
drodynamic conditions. Depending on the species, seagrass can be ￿exible and it is
known to sway in an oscillating fashion under waves, changing its shape throughout
a wave cycle. It is not yet known how this movement a￿ects the plant’s roughness
(Bradley and Houser, 2009; Manca, 2010) and it is therefore uncertain, whether a
constant kN can be applied to vegetated areas.
An alternative method to describe wave energy dissipation caused by vegetation
is based on the drag individual plants pose on the ￿ow (Dalrymple et al., 1984).
The model developed by Dalrymple et al. (1984) estimates the drag per unit plant
area which makes it independent of plant parameters such as height and density. It
would therefore allow comparison of the wave attenuating e￿ect of di￿erent plant
species. A weakness of the model is, however, that is assumes the vegetation to
be rigid. MØndez et al. (1999) examined the e￿ect plant motion has on vegetation
drag. They applied their theory to data from a laboratory study on arti￿cial kelp
(Asano et al., 1988) and found that a model which assumes vegetation rigidity under-
estimates the drag coe￿cient. The same was found when the model was applied to
￿eld data from a Thalassia testudinum bed (Bradley and Houser, 2009). However,
Bradley and Houser (2009) also showed that the simpli￿ed model by Dalrymple
et al. (1984) is a reasonable ￿rst approximation.
The studies described above indicate that there is a systematic relationship between
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seagrass attributes and wave attenuation across species. However, the magnitude of
wave attenuation di￿ers between species, as a di￿erence in plant morphology will
a￿ect the plant’s wave attenuating capacity. The same was found for the e￿ect
of vegetation on unidirectional ￿ow where quantitative results cannot be transfer-
red from one species to another (Fonseca and Fisher, 1986). Consequently, wave
attenuating parameters need to be quanti￿ed for each seagrass species separately.
This chapter describes the results of a series of ￿eld experiments carried out across
a Zostera noltii meadow over a period of 13 months in order to assess the change in
wave attenuation throughout a year. From this data, bed roughness and vegetation
drag were estimated and the applicability of the relevant formulae was evaluated.
3.3. Study site
Measurements of wave height and period as well as ￿ow velocities were carried out
within a Zostera noltii meadow on Ryde Sand, an intertidal extension of a recrea-
tional beach on the north coast of the Isle of Wight, UK (Figure 3.1). Zostera noltii
is a temperate, intertidal seagrass species with a preferred growth depth between
high and low water neaps, however, it can be found in depths to 5 m in the Medi-
terranean (Van Lent et al., 1991; Auby and Labourg, 1996; Curiel et al., 1996). Its
ribbon-shaped leaves are 0.5-1.5 mm wide and 6-22 cm long (Phillips and Meæez,
1988; Tyler-Walters, 2008) and above ground biomass shows a strong seasonality of
high values in summer and low values in winter (Curiel et al., 1996). Shoots grow
from a rhizome system which builds a dense mesh by branching in almost every node
(Brun et al., 2006). The root/rhizome system is located approx 3-5 cm below the
sediment surface (Duarte et al., 1998) and its biomass remains constant throughout
the year (Pergent-Martini et al., 2005).
Ryde Sand has a triangular shape, it is approx. 2.5 km long and the central part
reaches approx. 2 km into the Solent. It is composed of ￿ne sand (Tonks, 2008) and
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Figure 3.1.: Ryde Sand on the north coast of the Isle of Wight. The box highlights
the whole sand ￿at.
slopes gently (1:550) towards the adjacent navigation channel. The western half of
the sand ￿at is covered by approx. 40 ha of reticulate to continuous Zostera noltii
meadow which extends from +2.5 to 0 m Chart Datum (CD). At the lower boundary
a succession by Zostera marina can be observed, but its extent is unknown. The
Zostera noltii meadow is dissected by a hovercraft route and a pier that serves as
ferry terminal. The pier is built on stilts that have a diameter of 25 cm. Stilts
are arranged in rows of six parallel to the shore and the spacing between rows is
5:5m. Refraction and re￿ection from these structures could not be observed in situ
and their e￿ects were not evident in bed forms during low tide. Hence, the pier is
considered to have only a minor e￿ect on local waves. This study was carried out
west of the pier where little recreational use in the form of small vessels takes place.
The sand ￿at is sheltered from swell from the English Channel by the Isle of Wight
and the study site is exposed to two main sources of waves: (1) wind waves generated
by NW winds with 2-4 s periods and (2) boat wakes caused by the ferries arriving
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and departing from the pier head with 10 s periods (pers. observation). Prevailing
wind direction in the Solent is south to north-west, but due to the location on the
north coast of the Isle of Wight, Ryde is sheltered from southerly and south-westerly
wind and the local prevailing wind direction that generated waves is north-west
(MetO￿ce, 2010). The tidal range is 4 m during spring tides and 2 m during neap
tides with the tidal ￿ow peaking at high and low water indicating a progressive
wave.
3.4. Material and Methods
3.4.1. Data collection
The site was visited monthly during spring low tide over a 13 month period from
October 2008 to October 2009. During each visit shoot density was measured at
four stations randomly chosen within a de￿ned 50 x 50 m region using a 0:3x 0:3m
quadrat (Figure 3.2). Additionally, the length of 10 randomly chosen leaves was
measured at each station to obtain a record of leaf length variation over the growth
cycle. During the October 2008 visit, only one station was sampled due to adverse
weather conditions. Five times during the data collection period wave and ￿ow
data were collected over two consecutive tidal cycles with deployment and recovery
Figure 3.2.: Measuring shoot density in a 0.3 x 0.3 m quadrat during the site visit
in July ’09.
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taking place during low tide. The deployments took place on 15-16 October ’08,
25-26 February ’09, 26-27 May ’09, 7-8 July ’09 and 7-8 October ’09. During each
deployment instruments were arranged along a cross-shore transect (Figure 3.3)
approx. 30 m west of the pier. This proximity to the pier was chosen for two
practical reasons: (1) It protected the instruments from possible recreational tra￿c
and (2) it extended the transect as far as possible as some instruments had to be
connected to the logging station on the pier through 130 m cables. The transect was
aligned with the incoming boat wakes at 170￿ to capture these waves as accurately
as possible. This set the transect oblique to prevailing winds, but the majority of
wind waves were still captured along the transect and within a wave angle of 20￿
of it due to natural variation in the wind ￿eld. Stations were between 30 and 95 m
apart and an optical level was used to record their elevations with respect to Chart
Datum.
For all but the May deployment three Electromagnetic Current Meters with an
integrated Seapoint Sensor (EMCM, Valeport Model 808, Figure 3.4) were used
to sample sea surface elevation and two dimensional horizontal ￿ow velocities at
stations 1, 3 and 5. They were mounted on quadropods with the pressure sensor
positioned 0.35 m and the current meter 0.13 m above the seabed. They were set
to sample at 4 Hz in bursts of 8.5 minutes every 13 minutes. From February 2009
onwards, four pressure transducers (PDCR 1830, Druck Ltd., Figure 3.4) were added
to the transect at stations 2, 4, 6 and 7. Their sensors were placed directly on the
seabed and were connected to a power supply and logging station on the adjacent
pier through cables. They sampled continuously at 8 Hz, however, data acquisition
was restricted to water depths <2.7 m due to the operating range of the PDCR’s. In
May, 3D velocity data were obtained using an Acoustic Doppler Velocimeter (ADV,
Nortek Vectrino) at station 6, sampling continuously at 25 Hz. Barometric data
were obtained from an o￿shore station on Bramble Bank (www.bramblemet.co.uk),
12 km northwest of Ryde (Figure 3.1).
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Figure 3.3.: Instrument locations and sand ￿at bathymetry. Bathymetry is relative
to Chart Datum; 0 m marking the boundary between the intertidal
and subtidal zones. The shaded area indicates known distribution of
seagrass. Note that stations 5 and 6 are at the same location, but refer
to di￿erent types of instruments.
Figure 3.4.: Electromagnetic Current Meter (EMCM) mounted on a quadropod and
pressure transducer (PDCR) during deployment at station 5/6 in Fe-
bruary ’09.
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3.4.2. Data analysis
Wave conditions
Data from all instruments were split into synchronous ￿ve minute intervals with a
minimum of 1200 samples per interval. Velocities from the EMCM’s were converted
into North and East components using the instrument internal compasses. Pressure
data from all stations were used to estimate the wave energy spectrum applying
Welch’s periodogram method. Each interval was split into four segments with 50%
overlap and a Hanning window was applied to each segment to reduce spectral lea-
kage. Linear wave theory was applied, since recent studies under similar conditions
showed that it is a valid approximation for wind waves (Lowe et al., 2007; Bradley
and Houser, 2009; Mullarney and Henderson, 2010) as well as boat wakes (Koch,
2002; Ciavola, 2005; Garel et al., 2008). The segments were then averaged to obtain
a smoothed pressure spectrum Sp with a bandwidth of fb = 1/128 Hz which was
converted to an energy density spectrum Sf:
Sf;j =

coshkjh
g coshkj(h   z)
2
Sp;j (3.1)
where the index j denotes the frequency component, h is mean water depth, z is
the vertical distance of the pressure sensor above the seabed,  is water density,
g is gravity and k is wavenumber according to the dispersion relation
!
2 = gk tanhkh where ! =
2
T
(3.2)
and T is the wave period.
Velocity and pressure spectra at stations 1, 3 and 5 were used to obtain wave direc-
tion and directional spread. Following the method of Gordon and Lohrmann (2001),
a 4-quadrant arc tangent was applied to the real parts of the pressure-velocity cross-
spectra for the east (CSpu) and north (CSpv) velocity components to obtain wave
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direction D = arctan2(CSpu;CSpv). Wave spreading (spr) was computed according
to
spr =
r
1   R
2
where R =
s
(CSuu   CSvv)
2 + 4CS2
uv
(CSuu + CSvv)
2 (3.3)
where CSuu and CSvv are velocity component power spectra and CSuv is the cross
spectrum of the u and v velocity components (Krogstad et al., 1998). For the May
deployment, the same method was applied using the ADV’s velocity data together
with the pressure data from station 6.
The total energy in the wave spectrum was determined to obtain the zero order
moment and hence signi￿cant wave height Hs for each ￿ve minute interval:
Hs = 4
v u u t
M X
j=1
Sf;jfb (3.4)
where M is the total number of frequency components.
All instruments were deployed along the same transect. For processing, however,
they were split into two groups according to instrument type to avoid inaccuracies
caused by di￿erences in instrument operation. The respective groups consist of
stations 2, 4, 6 and 7 for the PDCR’s and stations 1, 3 and 5 for the EMCM’s.
Results from both groups were subsequently combined for analysis unless stated
otherwise.
Wave dissipation
Waves interact with the seabed when travelling towards the shore. The main im-
pacts on waves that can cause a change in shape or contained energy are breaking,
re￿ection, shoaling and bottom friction (Madsen, 1976). The sand ￿at was sloping
very gently (1:550) and hence slope related impacts such as breaking, re￿ection
and shoaling are expected to have a low impact on approaching waves. Breaking
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of random waves is controlled by water depth; previous studies have shown that
linearity is a valid approximation (Thornton and Guza, 1982; Soulsby, 1997):
Hrms = h (3.5)
where Hrms is the root-mean-square wave height and  is a critical breaking parame-
ter. Recent studies have found  = 0:2 0:6 for planar and gentle sloping (<1:100)
beaches (Raubenheimer et al., 1996; Lentz and Raubenheimer, 1999; Raubenheimer
et al., 2001). Breaking was observed visually during deployments only when h was
too low for the instruments to record accurately. To exclude any e￿ect through
partial breaking at higher water depths, data with  > 0:2 were removed from the
present dataset.
Re￿ection occurs over sloping bathymetries; the steeper the slope, the more wave
energy will be re￿ected (Battjes, 1974; Magne et al., 2005). Re￿ection in this study
could be neglected, because the sand ￿at slope was 1:550 and comparison with
results for linear ramps showed that re￿ection at such shallow slopes are negligible
(Magne et al., 2005). Possible re￿ection from the meadow itself was minimised by
positioning all stations of the instrumented transect within the meadow. Moreover,
it has been shown that wave energy re￿ection by vegetation is negligibly small
(MØndez et al., 1999; MØndez and Losada, 2004). Shoaling, on the other hand, was
taken into account and its impact was removed from each frequency component of
the wave spectrum at stations 2-7 based on the spectrum of the previous station
(Dean and Dalrymple, 1991):
Hn = Hn 1Ks where Ks =
s
Cg;n 1
Cg;n
(3.6)
where Ks is the shoaling coe￿cient and n indicates the number of the shoreward
station. Once breaking, re￿ection and shoaling have been considered, a change
in wave height between stations along the instrumented transect could be used to
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estimate bottom friction following the approach of Lowe et al. (2005). Bottom
friction will act on waves in shallow water and will reduce the wave energy ￿ux
towards the shore. Wave energy ￿ux is de￿ned as:
F = ECg (3.7)
where E is the wave energy density and Cg is the group velocity and can be obtained
for each frequency component j following linear wave theory:
Ej =
1
2
ga
2
j (3.8)
Cg;j =
1
2

1 +
2kjh
sinh2kjh

!j
kj
(3.9)
where aj =
p
2Sf;j is the wave amplitude.
Assuming that waves of all frequency components within a spectrum propagate in
the same direction the one-dimensional wave energy equation (Lowe et al., 2005)
can be applied to estimate the rate of energy dissipation caused by friction f per
unit area:
F
r
=  f (3.10)
r = xcos(   ) (3.11)
where r is the projected distance between stations at which energy ￿ux is known.
Lowe et al. (2005) derived r from the measured distance x between stations
and the wave angle to account for the angle between the direct line connecting the
stations  and the direction of wave propagation .
An original model for f was developed for monochromatic waves (Jonsson, 1966).
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Based on this model, Madsen (1994) developed a weighted-average approach which
places more weight on the frequency components that contain most wave energy.
This approach yields representative parameters to extend the monochromatic models
to spectral wave conditions. Following this approach, the representative maximum
near-bed horizontal orbital velocity ub;r is de￿ned as:
ub;r =
v u u t
M X
j=1
u2
b;j (3.12)
where ub;j = aj!j=sinhkjh is the velocity corresponding to the jth frequency com-
ponent. Furthermore, Madsen (1994) presented a model that derived f for a given
frequency, j, from the maximum near bed horizontal orbital velocity, ub;j, using the
energy dissipation factor fe;j:
f;j =
1
4
fe;jub;ru
2
b;j (3.13)
Following his weighted approach a representative energy dissipation factor fe;r can
be estimated (Lowe et al., 2005):
fe;r =
PM
j=1 fe;ju2
b;j
PM
j=1 u2
b;j
(3.14)
The energy dissipation factor gives an estimate of how the whole seagrass meadow
a￿ects energy dissipation of the entire wave ￿eld and is likely to change throughout
the growth cycle or spatially within a meadow. An alternative method for computing
f was derived by Dalrymple et al. (1984) who used the drag coe￿cient CD to
describe the drag individual seagrass leaves induce on the ￿ow:
f =
2
3
CDbN

kg
2!
3 sinh
3 ks + 3sinhks
3k cosh
3 kh
H
3 (3.15)
where b is the leaf width normal to the ￿ow, N is the number of leaves per m2
and s is the canopy height. This equation accounts for seasonal and spatial changes
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of the meadow through the plant parameters b, N and s, and therefore implies
that CD is species speci￿c. The expression assumes rigid vegetation and that the
drag coe￿cient accounts for the horizontal movement of the vegetation (Dalrymple
et al., 1984; MØndez and Losada, 2004). While this assumption is a simpli￿cation
of reality, where seagrass sways with the orbital water motion under waves, Bradley
and Houser (2009) showed that it is a reasonable ￿rst approximation if the plant
motion is not known.
3.5. Results
3.5.1. Seagrass variation
Seagrass growth was strongly seasonal over the 13 month period. Shoot densi-
ties (Figure 3.5a) showed a distinct variation over the growth cycle with maximum
shoot densities in summer and minimum values in winter. The average density was
1,980–488 shoots/m2 (–standard deviation) with a minimum of 625–225 shoots/m2
in February and a maximum of 4,636–858 shoots/m2 in August. Leaf lengths (Fi-
gure 3.5b) showed low values in February and March, but almost constant values of
12-16 cm throughout the rest of the year with an annual average of 13 –3 cm. Mean
values exceeded 16 cm only in October 2008. This value is based on a smaller sample
population which may have led to an over-estimation of the leaf length. The lack
in variation of leaf length throughout the year is unexpected, as length di￿erences
between summer and winter have been observed in other Zostera noltii meadows
(Auby and Labourg, 1996; Curiel et al., 1996). This discrepancy could be due to
the sampling method applied in this study. Measured leaves were chosen arbitrarily
and consequently leaves of all lengths were measured. It is possible that a seasonal
variation would have been visible if only the longest leaves of a shoot would have
been recorded.
The observed values for shoot density and leaf length are low compared to values
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observed in the Mediterranean (up to 22,000 shoots/ m2 and 45 cm leaf length; Curiel
et al., 1996; Sfriso and Ghetti, 1998). But they agree well with observations made in
similar climatic conditions (i.e. the Wadden Sea) where maximum shoot densities of
2,000-4,900 shoots/m2 and leaf lengths of 6-20 cm have been observed (Pasche and
Deu￿feld, 2003; Schanz and Asmus, 2003). This indicates that the Zostera noltii
meadow in Ryde is well developed and healthy and appears to be representative of
meadows at similar latitudes.
3.5.2. Wave and tidal conditions
The tidal ￿ow showed a progressive wave for all deployments with maximum values
(0.3 m s 1) during high and low water and generally lower ￿ow velocities closer
to shore (Appendix A). The main ￿ow was in an East-West direction and hence
nearly perpendicular to the instrumented transect (Figure 3.6). While its in￿uence
on present waves is consequently negligible (Madsen, 1994), the current is likely to
a￿ect the seagrass. Seagrass will bend in the presence of a current (Fonseca and
Koehl, 2006; Backhaus and Verduin, 2008) and therefore change its canopy height
and orientation relative to wave advance with changing ￿ow velocities and direction.
As a tidal current was present during all deployments, it was not included in the
scope of this study.
During all deployments, wind waves were generated by north-westerly winds which
caused part of the waves to travel along the instrumented transect (Figure 3.7).
Intervals with waves travelling in an East-West direction ( 45￿) were excluded from
analysis to ensure that waves which encountered possible interference from the ad-
jacent pier were not considered. Spectral analysis (eq. 3.1) was used to compute
wave spectra for all intervals (Appendix A) and analyses of wave spectra showed
that 90% of the energy was contained in the frequency range 0-1 Hz for the majority
of the spectra (>90%). Consequently, only frequencies up to 1 Hz were considered
for analysis. The spectra (Figure 3.7) show that wind waves for all deployments
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Figure 3.5.: Growth of Zostera noltii in Ryde over the 13 month period of monito-
ring. a. shoot density per m2 and b. leaf length. Variability is expressed
by the standard error.
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Figure 3.6.: Representative example of tidal ￿ow conditions at station 5 in July ’09.
The solid line represents the tidal elevation.
occurred in a similar frequency range. Energy dissipation took place across all fre-
quency bands and was most pronounced in July. In October ’08 an increase in energy
density along the transect was observed which could not su￿ciently be explained
with known sources of re￿ection and refraction. The October ’08 data was therefore
excluded from further analysis. Signi￿cant wave height (eq. 3.4) was calculated
from these spectra and maximum wave heights varied from 13 cm in October ’09 to
18 cm in July (Table 3.1).
Boat wakes were identi￿ed from the data’s timestamp, as the timetable for ferries
leaving and arriving on the pier was known. Boat wakes were also clearly visible
in timeseries during calm conditions as they di￿ered signi￿cantly from wind waves
(Figure 3.8). Accurately identi￿ed boat wake timeseries were used to determine the
boat wake’s frequency (0.1 Hz) and consequently to separate boat wakes from wind
waves in all spectra by splitting them into two frequency ranges: f = 0 0:2 Hz for
boat wakes and f = 0:2   1 Hz for wind waves.
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Figure 3.7.: Wave roses and mean spectra for deployments October ’08 (a & b),
February (c & d), May (e & f), July (g & h) and October ’09 (i & j)
after removing waves from easterly directions. The wave roses show the
directions waves travel towards and the solid line represents the transect
angle. In the spectra, the solid line represents the outer most station,
the dashed line station 3 or 4 (depending on availability) and the dotted
line the inner most station.
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Table 3.1.: Observed signi￿cant wave height Hs, period T and wave length L for
deployments.
dates of
deployment
mean Hs [m] max Hs [m] mean T [s] mean L [m]
25-26 February ’09 0.05 0.15 4.96 19.19
26-27 May ’09 0.07 0.16 3.23 11.55
7-8 July ’09 0.07 0.18 3.11 10.82
7-8 October ’09 0.06 0.13 3.96 15.24
3.5.3. Wave attenuation
As wave energy is directly related to wave height (eq. 3.8), change in wave height
between two stations can be used to compare energy dissipation between deploy-
ments once shoaling has been removed. Shoaling coe￿cients ranged from 1 to 1.05,
leading to a maximum increase in wave height of 5% between consecutive stations.
Time series of Hs for each deployment (Figure 3.9) show that wave heights reduce
along the transect in small water depths (h . 1 m), while a change in wave height
at higher water depths can only be observed in July and October ’09. To explore
the di￿erence in wave height reduction between deployments, wave height evolution
along the transect for water depths <1.5 m was examined (Figure 3.10). PDCR
stations only were used to exclude inaccuracies caused by comparison of di￿erent
instrument types. Nevertheless, an increase in wave height between station 4 (nor-
malised distance 1.1 m) and 6 (normalised distance 1.6 m) can be observed for all
deployments. It is not known what caused this increase in wave height, especially as
possible refraction from the adjacent pier was excluded during data processing, but
one possible cause is the experimental setup at station 6. Station 5 and 6 were at
the same location and were used to compared instrument performance. As a result,
the PDCR at station 6 was deployed next a metal frame that mounted the EMCM
at station 5 (and the ADV in May). As a result, the PDCR at station 6 may have
been in￿uenced by the proximity of the frame and the other instrument.
Reduction in wave height was greatest in July, when seagrass density was high
983.5. Results
Figure 3.8.: Time series of representative a. boat wake generated by a ferry leaving
from the pier head and b. wind wave conditions.
Figure 3.9.: Time series of signi￿cant wave height for each deployment. Some sta-
tions have been omitted for clarity.
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Figure 3.10.: Mean normalised signi￿cant wave height in water depths <1.5 m for
all deployments and corresponding regression lines, see Table 3.2 for
regression parameters.
(4,164–506 shoots/m2). With a reduction of up to 20% between consecutive sta-
tions, the observed wave height reduction was four times higher than the e￿ect of
shoaling (<5%), indicating that the seagrass has an e￿ect on wave height reduction.
For all other deployments wave height reduction was less than 10% and therefore
similar to the e￿ect of shoaling. Moreover, the data alternate around a value of
approx. 1 and hence the data show no signi￿cant wave attenuation. Values at sta-
tions 4 and 6 of the February, May and October ’09 deployments show an increase
of wave height of up to 15% compared to values at station 2. While this percentage
appears high, absolute values show that the increase is <0.5 cm in all cases and can
therefore be neglected based on instrument accuracy.
Table 3.2.: Statistical values for the relationship of Hs with water depth of the form
Hs=Hs0 = c(y=y0)d, where the index 0 denotes values at the outer most
station and y is the station’s distance from a reference point o￿ shore of
station 1.
c d R2 Hs0 [cm]
February ’09 1.06 -0.08 0.07 4.5
May ’09 1.03 -0.11 0.23 5.1
July ’09 1.01 -0.52 0.74 5.9
October ’09 1.05 -0.20 0.19 3.4
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Table 3.3.: Mean values of fe;r for wind waves (f = 0:2   1 Hz) and boat wakes
(f = 0   0:2 Hz) for all deployments. Uncertainties are expressed as the
standard deviation of the scatter.
wind waves boat wakes
February ’09 0.07–0.09 0.08–0.1
May ’09 0.06–0.04 0.05–0.03
July ’09 0.08–0.07 0.17–0.19
October ’09 0.08–0.05 0.09–0.04
Based on the observed reduction in wave height the energy dissipation factor fe;r
was computed from the wave spectra using equations 3.10 to 3.14. To satisfy the
condition of eq. 3.10, only intervals with a wave spread of <10 ￿ were used. Although
r in eq. 3.10 accounts for the angle between the transect and wave direction, it
was decided to restrict data to intervals where the angle was <20 ￿. At a larger angle,
waves cannot be considered to be travelling along the transect and therefore would
not give information about wave attenuation between stations.
The site was exposed to wind waves and boat wakes which could be distinguished by
the di￿erence in wave period (Figure 3.8). This was used to separate the two wave
types in the wave spectra and to investigate whether waves of di￿erent frequencies
are attenuated di￿erently. For wind waves, fe;r was constant throughout the year
(ANOVA, F = 0.14, p = 0.97) and similar to values for boat wakes. The summer
mean (fe;r = 0.17–0.19) of boat wake values is an order of magnitude higher than
for the other deployments (Table 3.3).
Figure 3.11 shows fe;r for each shoreward station. For wind waves (Figure 3.11a-d),
values do not di￿er along the transect, but are distributed around the mean value.
For boat wakes a similar behaviour can be observed during autumn, winter and
spring, resulting in similar mean values to wind waves (Figure 3.11e,f and h). In
summer, however, a decrease of fe;r towards the shore was observed (Figure 3.11g).
While a di￿erence in fe;r can be observed with varying seagrass coverage and vitality,
it is also dependent on the maximum near-bed horizontal orbital velocity (equations
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Figure 3.11.: Comparison of fe;r between stations for each deployment for wind waves
(a-d) and boat wakes (e-h). The solid line indicates the respective mean
value and variability is represented by the standard error.
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Figure 3.12.: Relationship of energy dissipation factor fe;r and wave Reynolds num-
ber Re for all deployments. ￿lled symbols = boat wakes; open symbols
= wind waves;  = February; O = May;  = July;  = October
009.
The solid line represents the relationship to Re under conditions of
laminar ￿ow fe;r = 2=
p
Re.
3.13 and 3.14) and the relationship to wave Reynolds number ( Re = u2
b;r=(w),
! = wave angular frequency and  = kinematic viscosity) has been suggested by
Iwagaki and Kakinuma (1967). Figure 3.12 shows the relationship between fe;r and
Re for all deployments separated into boat wakes and wind waves.
The majority of values are above the theoretical relationship for laminar conditions
and hence are fully turbulent. It has been observed for rough turbulent condi-
tions that the wave friction factor fw is independent of Reynolds number and solely
depends on the relative roughness ub=!kN where kN is the equivalent Nikuradse
roughness (Kamphuis, 1975). Wave friction factor and energy dissipation factor
are linked through the phase lag ' between bottom shear stress and wave orbital
velocity
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fe;r = fw cos' (3.16)
' = 33   6log
ub
!kN
(3.17)
It can therefore be assumed that a similar relationship with relative roughness exists
for fe;r (Madsen, 1994). Several formulae have been proposed to describe the rela-
tionship between friction factor and relative roughness: The one by Nielsen (1992)
is the most widely used:
fw = exp
"
5:5

ub
!kN
 0:2
  6:3
#
(3.18)
Using this relationship between energy dissipation factor and relative roughness, an
attempt was made to estimate kN. The equivalent Nikuradse roughness was ini-
tially de￿ned to evaluate bed forms as roughness elements and describe bed rough-
ness through a single parameter (Nielsen, 1992). However, the application of this
parameter to ￿exible vegetation is unproven.
Madsen (1994) proposed an alternative to eq. 3.18 in his spectral model which in-
cludes a parameter C to account for the e￿ect of an underlying current. While a
variable current existed during the present experiments (Figure 3.6), it was chosen
to neglect its e￿ect on fw for several reasons. While a current is likely to cause
bending of the ￿exible vegetation leaves, it is not known in detail how the cur-
rent a￿ects seagrass. Additionally, experiments over ￿xed beds showed that kN is
bed speci￿c and not a￿ected by changing hydrodynamic conditions (Mathisen and
Madsen, 1999). Equation 3.18 should therefore yield a good ￿rst approximation,
especially as values of C are generally close to unity (Madsen, 1994).
Eq. 3.16, in conjunction with eq. 3.17 and 3.18, did not show a signi￿cant trend
(Table 3.4). By contrast, the values appeared to alternate around a common mean
and any change throughout the year seemed to fall within the natural variability.
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Table 3.4.: Average energy dissipation factors fe;r and bed roughnesses kN for all
deployments. Variability is expressed as the standard deviation of the
scatter.
fe;r kN
February ’09 0.07–0.1 0.14–0.07
May ’09 0.02–0.02 0.17–0.04
July ’09 0.06–0.05 0.14–0.06
October ’09 0.05–0.03 0.21–0.15
The mean value for this study was kN = 0.17 m which is similar to roughnesses
found for rough and rippled beds. Mathisen and Madsen (1996a,b, 1999) estimated
bed roughnesses of 0.14-0.28 m over evenly-spaced, triangular bars during laboratory
experiments and a ￿eld study found kN = 0.16 m for a coral reef (Lowe et al., 2005).
Iwagaki and Kakinuma (1967) carried out measurements over rippled sand of grain
sizes similar to those grain sizes found in Ryde; thus from their data kN = 0.13 m
was derived.
Because the energy dissipation factor is dependent on the seasonality of seagrass
characteristics, it is not appropriate to compare the wave attenuation e￿ect bet-
ween di￿erent species. A parameter more suitable for such a comparison is the drag
coe￿cient CD (equation 3.15). A comparison of the time averaged drag coe￿cient
shows that CD behaves similar across frequencies for all deployments (Figure 3.13).
For frequencies <0.4 Hz the values alternate around a constant value of 1.67 0.07
before they increase with increasing frequency. The latter is in agreement with
observations by Bradley and Houser (2009) who found an increase of CD with in-
creasing frequency for f > 0.4 Hz in a Thalassia testudinum bed. They also observed
a reduction in CD at f = 0.38 Hz and suggested that this can be attributed to the
relative motion of the seagrass which is not uniform across frequencies. While in
this study a slight increase at 0.2 Hz and a decrease at 0.45 Hz could be observed
in July, this variation was not signi￿cantly di￿erent from the other deployments
(ANOVA, F = 1.19, p = 0.31, n = 70). The dependence of CD on seagrass motion
as suggested by Bradley and Houser (2009) could therefore not be found during the
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Figure 3.13.: Time and spatial averaged drag coe￿cient by wave frequency.
present study. This could be due to the presence of an underlying current for parts
of the tidal cycle, which would a￿ect the swaying motion of the seagrass. No data
are available on the relative motion of Z. noltii in Ryde and the above hypothesis
could therefore not be addressed within this study. However, the results show that
there is no signi￿cant di￿erence in CD for boat wakes and wind waves and values
from both wave types can be evaluated together.
In previous studies a relationship of the representative drag coe￿cient with the
vegetation Reynolds number (Rev = bub=) has been found (Kobayashi et al., 1993;
MØndez et al., 1999; Bradley and Houser, 2009). The vegetation Reynolds number
is considered more suitable in this case than the wave Reynolds number, because,
like CD, it includes a vegetation parameter rather than wave parameters only. A
relationship of CD with Rev can be observed with an increase at low Reynolds
numbers and approaching a constant value for Rev & 600 (Figure 3.14). Previous
studies proposed a relationship of the from CD = a + (b=Rev)c (Kobayashi et al.,
1993; MØndez et al., 1999; Bradley and Houser, 2009) which yielded for the present
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Figure 3.14.: Relationship between CD and vegetation Reynolds number Rev, the
best ￿t for all data and Hs > 0:1 m. Also shown are the best ￿t lines
for Bradley and Houser (2009)(CD = 0:1+(925=Rev)3:16), MØndez et al.
(1999)(CD = 0:08 + (2200=Rev)2:2) and Kobayashi et al. (1993)(CD =
0:08 + (2200=Rev)2:4).
data (R2 = 0.37, n = 46):
CD = 0:34 +

97:9
Rev
4:02
(3.19)
The scatter is caused by the varying hydrodynamic conditions throughout the study;
especially wave height a￿ects CD as it appears in eq. 3.15 with a power of 3. If only
data with Hs  0.1 m is considered, a good ￿t (R 2 = 0.96, n = 14) of the form:
CD = 0:06 +

153
Rev
1:45
(3.20)
can be achieved (Figure 3.14) and values for Hs < 0.1 m scatter around this ￿t.
1073. Spatial and seasonal variation in wave attenuation over Zostera noltii
3.6. Discussion
It is widely accepted that seagrass attenuates waves (Ward et al., 1984; Fonseca,
1996; Newell and Koch, 2004; Koch et al., 2006a, 2009) and although laboratory
studies have shown that wave height reduction responds non-linearly to vegetation
traits such as density and canopy height as well as distance into the meadow (Fonseca
and Cahalan, 1992; Kobayashi et al., 1993; MØndez et al., 1999; Bouma et al., 2010)
￿eld studies to support these observations are still scarce (Newell and Koch, 2004;
Bouma et al., 2005; Bradley and Houser, 2009). The present study investigated
wave attenuation over a Zostera noltii meadow at four di￿erent stages during the
growth cycle and found a dependence of energy dissipation on seagrass traits as well
as hydrodynamics.
Due to the variable nature of the study environment, it was necessary to make
several assumptions during data analysis. For example, wave refraction from the
adjacent pier was not considered in detail. E￿ects of refraction were not observed
in the wave ￿eld or bed ripples in situ which led to the conclusion that its e￿ect is
small. However, it is possible that refracted waves have an impact on the incoming
waves along the instrumented transect. Waves measured during this study were
generally small (0.1 m) which means that even refracted waves of 1 cm could have
a decisive in￿uence. To eliminate refraction e￿ects as much as possible, waves from
the direction of the pier were excluded from analysis, but refraction was not taken
into account in more detail. It is therefore possible, that some e￿ect of refraction is
still present in the dataset.
Another in￿uencing parameter not taken into account in this study is the presence
of a tidal current. Tidal currents were present during all deployments and changed
signi￿cantly over the tidal cycle (Figure 3.6). While their in￿uence on incident
waves was considered negligible (Madsen, 1994), they may have a￿ected the group
velocity Cg which was used to calculate the wave energy ￿ux F. This possible e￿ect,
however, was neglected as no wave groups were detected within the dataset and
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the value for Cg is merely theoretical in this case. Moreover, the current’s e￿ect
on Cg is considered small compared to the e￿ect an underlying current has on the
seagrass. Flexible vegetation will streamline under a current (Fonseca and Koehl,
2006; Backhaus and Verduin, 2008) and therefore change its roughness. As the
movement of seagrass in Ryde was not known, the e￿ect of an underlying current
was not included in this study but is addressed in more detail in Chapter 4.
Nevertheless, the data show that the representative energy dissipation factor fe;r de-
creased towards the shore for boat wakes in July while it remained constant across
the sand￿at for all other deployments and hydrodynamic conditions. This di￿erence
in behaviour could be due to the seagrass presence. While seagrass is present during
all other deployments, shoot density in July is at least twice that of other deploy-
ments. Newell and Koch (2004) found that a minimum shoot density was required
for Ruppia maritima to have a measurable e￿ect on wave attenuation. This might
also be true for Zostera noltii: the data suggest that the threshold lies between
approx. 2,000 and 4,000 shoots/m 2. Above this threshold, the seagrass changes the
wave attenuating function of the bed, causing higher friction at the outer stations
and therefore attenuating the waves more e￿ectively. Similar behaviour has been
found in salt marsh (M￿ller et al., 1999; Bouma et al., 2005) and although it is
not necessarily bene￿cial for the plants that cause wave attenuation, it will create
more suitable conditions for other plants within the meadow and can therefore be
considered as a division of labour within the ecosystem (Bouma et al., 2005). While
seagrass is morphologically very di￿erent from salt marsh vegetation, and its ￿exible
leaves bend a lot more under ￿ows, an exponential decay of wave attenuation has
been observed in Thalassia testudinum (Bradley and Houser, 2009) and is therefore
likely at high densities for Z. noltii as well.
The e￿ect of density and wave frequency did not re￿ect in the values for bed rough-
ness kN despite its relationship to fe;r described in eq. 3.16, in conjunction with eq.
3.17 and 3.18. Values derived for all deployments did not di￿er signi￿cantly (Table
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3.4) and fell within the range of roughnesses estimated for rough and rippled beds
(Iwagaki and Kakinuma, 1967; Mathisen and Madsen, 1996a,b, 1999; Lowe et al.,
2005). It is therefore possible that the e￿ect of sand ripples present at the study site
dominate kN and compared to this, the e￿ect of Z. noltii’s above ground biomass
was too small to be detected under ￿eld conditions. That the values do not correlate
with seagrass growth may also be due to the range of water depths covered in this
study. Figure 3.9 shows wave height reduction did not take place in water deeper
than &1 m. The majority of data that ￿t the quality criteria wave spread <10 ￿
and     < 20￿ (in eq. 3.11) to calculate fe;r and kN, however, came from depths
>1.5 m. It could be possible that the e￿ect of Zostera noltii on wave attenuation in
such water depths is very small and di￿erences between deployments could therefore
not be detected in the mean values for fe;r and kN (Table 3.4). Another possible
reason why the estimated values do not correlate with seagrass growth could lie wi-
thin the method itself. Madsen’s (1994) relationship between friction factor and bed
roughness is based on the assumption that kN is independent of ambient hydrody-
namic conditions. This assumption has been validated for ￿xed beds in laboratory
studies (Mathisen and Madsen, 1999), but may not be valid for ￿exible vegeta-
tion. Vegetation moves with the orbital motions under waves; it changes its shape
constantly and hence its roughness is not likely to remain constant. Consequently,
vegetated areas may not satisfy the assumption that their roughness is independent
of hydrodynamic forcing and models based on kN may not be applied reliably over
vegetated beds. If this is the case, Madsen’s (1994) method may not be suitable to
determine the bed roughness and therefore wave friction associated with a vegetated
bed.
An alternative parameter to describe energy dissipation is the drag coe￿cient CD
which is independent of the seasonality of seagrass density and leaf length, but
shows a relationship with hydrodynamics in the form of the vegetation Reynolds
number Rev (Figure 3.14). Figure 3.14 also shows the curves derived by Kobayashi
et al. (1993), MØndez et al. (1999) and Bradley and Houser (2009) respectively.
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Kobayashi et al. (1993) developed a model for wave damping of monochromatic
waves under the assumption that vegetation can be represented by ￿xed cylindrical
elements. They applied their model to data obtained by Asano et al. (1988) who
carried out laboratory experiments on arti￿cial kelp. MØndez et al. (1999) extended
the model to random waves and also used the data from Asano et al. (1988) to
validate their model. The resulting relationship gives slightly lower values than the
one by Kobayashi et al. (1993). Bradley and Houser (2009) applied equation 3.15 to
￿eld data obtained in a T. testudinum meadow and derived the relationship shown
in Figure 3.14.
From the empirical ￿ts, a di￿erence between species can be seen and it is possible
to deduce a dependence of CD on vegetation sti￿ness. Under the assumption that
polypropylene represents the kelp’s plant sti￿ness well during Asano et al.’s (1988)
laboratory experiments, they will have been sti￿er than T. testudinum or Z. noltii.
This would lead to a higher drag coe￿cient for a given value of Rev. The di￿erence
between T. testudinum and Z. noltii can be explained in a similar fashion, because
T. testudinum leaves are less ￿exible than Z. noltii leaves (Kuo and Den Hartog,
2006).
Overall, the observed e￿ect of Zostera noltii on wave attenuation in Ryde was small.
Within the wave heights measured during this study an e￿ect on fe;r could only be
observed at the highest densities in July and no annual variation was observed in
the time averaged bed roughness kN. Bed roughness values may therefore have been
dominated by present bed forms and kN may therefore not be a suitable parameter
to include the e￿ect of Zostera noltii in numerical models. The drag coe￿cient,
however, may be a suitable parameter to describe the e￿ect of vegetation on wave
attenuation. Although the model used in this chapter (equation 3.15) neglects plant
movement by assuming rigid vegetation, it has been successfully used in the past
together with a relationship between Rev and CD of the form:
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CD = c +

d
Rev
e
(3.21)
with c, d and e being best ￿t parameters. Although the relationship presented in
this study (equation 3.20) is based on a limited range of Reynolds numbers, it is a
promising start to include Z. noltii in wave attenuation models.
3.7. Conclusions
The results show that Zostera noltii has an e￿ect on wave attenuation which varies
seasonally with shoot density. However, a minimum density was required before
attenuation could be observed. The existence of such a threshold suggests a non-
linear relationship between the two parameters. Moreover, the density threshold
varies with hydrodynamics; the higher the wave period is, the lower is the required
density to initiate wave attenuation.
Once the threshold density is exceeded, a change in energy dissipation with distance
from the shore can be observed, but the present dataset is not su￿cient to establish
whether this change in linear or non-linear. A clear non-linear relationship has been
found, however, for the drag coe￿cient CD. It describes the drag per unit plant
area and is therefore independent of seasonal parameters such as height and density.
Consequently, it can be applied all year round, but it changes with hydrodynamic
conditions. While a strong relationship with Reynolds number was found for waves
with a wave height 0.1 m, scatter increased when waves with a lower wave height
were considered.
Overall, the data show that wave attenuation over vegetation does not only depend
on plant characteristics, but also on the hydrodynamics that act on the plants.
As hydrodynamic forcing is likely to be higher (i.e. storms) in winter when shoot
densities are low, Z. noltii may play a limited role in shore protection by wave
attenuation. Nevertheless, the combined interaction of plant characteristics and
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hydrodynamics adds to the complexity of estimating the economic value of seagrass
meadows and describing the e￿ect plant attributes have on wave attenuation is only
the beginning.
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1144. Wave attenuation by
vegetation: the e￿ect of
organism traits and tidal
current
4.1. Abstract
Accurate wave height prediction along the shore plays an important role in coastal
protection and management. To account for the e￿ect of submerged vegetation in
wave attenuation models, it is important to understand how the interaction between
vegetation characteristics and hydrodynamic forcing a￿ects wave attenuation. To
determine the e￿ect of vegetation characteristics, seagrass mimics were used that
varied in (1) blade sti￿ness, (2) shoot density and (3) leaf length; to investigate the
e￿ect of hydrodynamic forcing wave attenuation in the absence and presence of a
tidal current was studied. Results show that wave attenuation is positively correlated
with blade sti￿ness. For a given wave in shallow water, attenuation is dependent on
a combination of shoot density and leaf length which can be described by the leaf
area index. The presence of a tidal current strongly reduced the wave attenuating
capacity of seagrass meadows and this reduction was most pronounced at high shoot
densities. Thus, most studies that have been carried out under waves only will
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structurally overestimate wave attenuation for tidal environments, emphasising that
tidal currents need to be taken into account in future studies on wave attenuation
by vegetation.
4.2. Introduction
The interaction of seagrass with hydrodynamics is widely recognised to a￿ect eco-
logical processes such as nutrient transport and pollen dispersal (Verduin et al.,
2002), sediment dynamics (Fonseca, 1996) and coastal erosion (Stein et al., 1989).
One component of this e￿ect is wave attenuation which has been addressed for a
variety of seagrass species (Fonseca and Cahalan, 1992; Koch and Gust, 1999; Ver-
duin and Backhaus, 2000; MØndez and Losada, 2004) and studies have shown that
submerged seagrass vegetation can have a signi￿cant impact on wave attenuation.
To correctly account for the e￿ect of seagrass on wave attenuation in coastal pro-
tection and management, it is necessary to understand which vegetation traits and
hydrodynamic parameters drive wave attenuation by vegetation (Teeter et al., 2001;
Patil and Singh, 2009).
In a laboratory study, Fonseca and Cahalan (1992) found a reduction in wave energy
density of approx. 40% per metre of seagrass meadow for four di￿erent seagrass spe-
cies and reductions of up to 80% have been observed in the ￿eld (Prager and Halley,
1999). A comparative study between seagrass and salt marsh species (Bouma et al.,
2005) indicated that plant sti￿ness a￿ects wave attenuation, though this e￿ect was
not found when comparing rigid structures with mimics that moved in a cantilever
motion (Augustin et al., 2009). The e￿ect of sti￿ness on wave attenuation has been
described for large macroalgae (Koehl, 1996; Denny and Gaylord, 2002). However,
when comparing wave attenuation over sti￿ Spartina anglica and ￿exible Puccinellia
maritima marsh vegetation, Bouma et al. (2010) observed that di￿erences disappear
on a biomass basis, meaning that an increased shoot density can counteract the re-
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duced wave attenuating capacity of ￿exible plants. While previous studies suggest
that sti￿ness can play a role in wave attenuation by vegetation, most studies have
been carried out on vegetation types other than seagrass (i.e. salt marsh or ma-
croalgae). Sti￿ness determines how much, and moreover in what way, a plant moves
under the in￿uence of waves. Depending on their sti￿ness, seagrasses move in a
cantilever or a whip like motion (Figure4.1). A transition from the former to the
latter takes place with increasing wave amplitude (Manca, 2010) and the rate of this
transition varies with sti￿ness. It is not yet clear what role this type of motion plays
in wave attenuation by seagrass.
The e￿ect of shoot density on wave attenuation has been recognised in a number of
studies (i.e. Bouma et al., 2005; Chen et al., 2007; Augustin et al., 2009; Prinos
et al., 2010), but the number of densities used was generally low (2-3) and not suf-
￿cient to qualify its in￿uence on wave attenuation. Augustin et al. (2009) observed
that the in￿uence of shoot density on wave attenuation increased with decreasing
submergence ratio (de￿ned as the ratio of water depth to vegetation height) for arti-
￿cial salt marsh; this was recently con￿rmed for Posidonia oceanica mimics (Prinos
et al., 2010). The e￿ect of submergence ratio on wave attenuation has been pre-
viously addressed by changing the water depth over vegetation of constant height.
This approach showed that wave attenuation is directly related to submergence ra-
tio (Fonseca and Cahalan, 1992; Bouma et al., 2005; Augustin et al., 2009; Prinos
et al., 2010). However, a change in water depth resulted in a change in wave para-
meters such as wave height and/or period, making it unclear whether the change in
hydrodynamic conditions in￿uenced the results. Hence there is a need to study this
aspect by maintaining a constant water depth while varying the vegetation height.
In the past, laboratory studies have neglected the possible e￿ects of a current. While
this approach helps to understand the general processes of wave attenuation by ve-
getation, it is a simpli￿cation of the natural environment where most seagrass mea-
dows are exposed to waves superimposed on a tidal ￿ow. The e￿ect of an underlying
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current on wave attenuation over unvegetated beds has been recognised (Madsen,
1994) and a ￿eld study on kelp (Gaylord et al., 2003) investigated the e￿ect of an
alongshore current on wave forces. Gaylord et al. (2003) observed that the current
perpendicular to wave propagation reduced wave energy dissipation compared to
rigid structures and the reduction increased with increasing ￿ow velocity. So far
Gaylord et al. (2003) are the only ones who considered the e￿ect of vegetation on
combined waves and currents, and the e￿ect of a current on wave attenuation by
seagrass has not yet been addressed.
Previous studies have identi￿ed submergence ratio, shoot sti￿ness and density as
important factors in wave attenuation, but a more systematic analysis of their in-
￿uence on wave attenuation is needed to understand the e￿ect of submerged vege-
tation on wave height (Bouma et al., 2010) and to incorporate it in coastal design
(Fonseca and Cahalan, 1992). This study aims to investigate the impact of those
three seagrass traits on wave attenuation. To disentangle the in￿uence that the
speci￿c vegetation traits have on waves, simple but mechanically realistic seagrass
mimics were developed and used for experiments in a laboratory ￿ume. The e￿ect of
submergence ratio is addressed by changing the mimics’ leaf length and conducting
tests under identical wave conditions in constant water depth. Mimics with three
di￿erent sti￿nesses and bending behaviours were produced and a total of ￿ve densi-
ties were tested. Another objective for this study was to investigate how a current
a￿ects wave attenuation by seagrass. The mimics were therefore exposed to waves
with and without an underlying steady current.
4.3. Materials and Methods
4.3.1. Seagrass mimics
This study focused on the seagrass species Zostera noltii which is native to the
European Atlantic coast (Den Hartog, 1970). In order to disentangle the impact
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Figure 4.1.: Schematic representation of mimic movement. a. the sti￿ material
moves back and forth like a cantilever and b. both the ￿exible and very
￿exible material move in a whip like motion.
of seagrass traits (1) vegetation density, (2) shoot ￿exibility and (3) leaf length on
wave attenuation, while excluding e￿ects of other morphological parameters, plant
mimics based on Z. noltii were used, as this species has a simple and well descri-
bed morphology (Den Hartog, 1970). Individual shoots grow from a rhizome which
is secured in the ground by roots emerging from its nodes. Shoots consist of a
stem or sheath and several ribbon-shaped leaves which can be easily reproduced
in realistic mimics. Single traits of the mimics can be changed while maintaining
all other characteristics and therefore yielding information on the impact of single
vegetation traits on hydrodynamics. Seagrass mimics have been successfully used
in the laboratory (Bouma et al., 2005; Fonseca and Koehl, 2006; Ghisalberti and
Nepf, 2006), and in ￿eld studies (Lee et al., 2001) and are generally accepted. Fon-
seca and Koehl (2006) used mimics to investigate hydrodynamics within and above
seagrass meadows while Lee et al. (2001) investigated the importance of seagrass to
associated fauna using mimics. Additionally, mimics have also been widely applied
in engineering studies (Stein et al., 1989).
The dimensions of the mimics were based on the natural size and density ranges of
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Z. noltii. Leaf width of all mimics was 2 mm –10% which represents the upper limit
of natural width of Z. noltii (Phillips and Meæez, 1988). Mimics with three di￿erent
￿exibilities were developed and materials were chosen so as to show di￿erent bending
behaviour. The sti￿ mimic (cable ties) was similar to mimics that have been used
to represent salt marsh vegetation (Bouma et al., 2005) and moved like a cantilever
under wave motion (Figure 4.1a). The ￿exible material (poly ribbon) bent similar
to Z. noltii plants in a whip like motion under waves (Figure 4.1b). Finally, a very
￿exible material (poly pocket strips) was used that bent even more than Z. noltii
and also showed a whip like motion (Figure 4.1b). Mimic materials that move and
behave similar to real vegetation (salt marsh and Z. noltii) were found visually
by comparing live plants and various mimic materials in a laboratory ￿ume. The
material that best simulated the plant’s movement was chosen to produce the mimics
for this study. Mimic meadows with a density of 1000 and 4000 shoots/m 2 were
produced for all ￿exibilities. Additional meadows with densities of 500, 2000 and
8000 shoots/m2 were generated for the ￿exible mimic. These densities cover a wide
range of natural densities of Z. noltii (Table 4.1) and yield a detailed investigation
of the impact of shoot density on wave attenuation.
Leaf lengths under investigation covered the natural range for Z. noltii (Table 4.1).
The initial leaf length of the ￿exible and very ￿exible meadows was 30 cm and during
the course of the study it was reduced to 15 cm and then 10 cm to investigate wave
attenuation under di￿erent submergence ratios, but with constant water depth. For
the sti￿ meadows the initial leaf length was 15 cm which was reduced to 10 cm
during the course of the experiments. The combination of the above ￿exibilities,
densities and leaf lengths led to a total of 25 di￿erent meadow types (Table 4.1).
Each meadow was 3 m long, 0.6 m wide and covered the width of the ￿ume (see
below).
To create the meadow the mimics were tied to a canvas mesh with a mesh size
of 0.8 cm. To achieve an evenly distributed and yet arbitrarily organised meadow
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Table 4.1.: Shoot density and leaf length for Zostera noltii and mimics. All mea-
dows in the present study were exposed to waves with and without an
underlying current.
vegetation
type
shoot density
[per m2]
leaf length [cm] source
Zostera noltii 4000-22000 6-20 Auby and Labourg, 1996
Zostera noltii 4021-5400 17.3-45.0 Curiel et al., 1996
Zostera noltii 2030-14617 <47.5 Sfriso and Ghetti, 1998
Zostera noltii 256-6144 5-29 Chapter 3
sti￿ mimic 1000 10 & 15 present study
4000 10 & 15 present study
￿exible mimic 500 10 & 15 & 30 present study
1000 10 & 15 & 30 present study
2000 10 & 15 & 30 present study
4000 10 & 15 & 30 present study
8000 10 & 15 & 30 present study
very ￿exible 1000 10 & 15 & 30 present study
mimic 4000 10 & 15 & 30 present study
that would be comparable to a natural distribution in the ￿eld, the canvas was
segmented into squares of 3.4 x 3.4 cm. For the density of 1000 shoots/m 2 one strip
was placed at a random location within each square. For the other densities, the
number of strips per square was reduced or increased accordingly. For each meadow,
the canvas was then attached to a wooden board and the board was weighed down
on the bottom of the ￿ume for deployments.
4.3.2. Experimental setup
Experiments were carried out under controlled conditions in a racetrack wave ￿ume
(Figure 4.2a). The oval ￿ume is 0.6 m wide and has a straight working section of
10.8 m. A water depth up to 0.4 m is possible (Hendriks et al., 2006). The ￿ume is
equipped with a conveyor belt system and a wave paddle. Unidirectional ￿ows up
to 0.45 m s 1 (Bouma et al., 2007), waves of varying heights and periods (Chang
et al., 2008) or a combination of both may be generated. This feature provided the
opportunity to investigate the in￿uence of vegetation traits on waves only as well as
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Figure 4.2.: Schematic representation of a. the ￿ume (adapted from Bouma et al.,
2005) and b. the setup of instruments (all dimensions in m).
on combinations of waves and steady currents. The latter represent more natural
conditions where tidal currents can occur in combination with waves. However, only
an incoming tide can be represented during the experiments as ￿ow and waves could
only be generated in the same direction. Additionally, the size of the ￿ume allowed
running the experiments at full scale and therefore eliminated possible errors that
might occur by down-scaling the mimics.
The water depth in the ￿ume was set to 0.3 m which yielded a submergence ratio of
1:1, 2:1 and 3:1 for the respective leaf lengths. All of these ratios have been observed
in the ￿eld (Koch, 1994; Curiel et al., 1996). Regular waves with a wave height of
H = 0.1 m and a wave period of T  1 s were generated by the wave paddle. The
waves have been applied to all meadows both with and without an underlying steady
current of 0.1 m s 1 which corresponds to low tidal currents typical for areas covered
with seagrass in the ￿eld (Bouma et al., 2005). Additionally, one run was carried
out in the absence of seagrass for each hydrodynamic condition as a control.
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Wave height was measured with four conductivity gauges (from Danish Hydraulic
Institute) at a sampling rate of 25 Hz and recordings were taken for 600 s for each
run (Figure 4.2b). Two of the gauges were placed 3.3 m in front of the meadow
and spaced 21.5 cm apart to detect occurring re￿ection. One gauge was placed at
the leading edge of the meadow and one at the end of meadow. Additionally, a
video camera was used to record seagrass movement through the glass wall of the
test section and an Acoustic Doppler Velocimeter (ADV) was used to monitor ￿ow
velocities. The ￿lmed section was located 1.5 m into the meadow and ￿lm sequences
were 300 s long for each run.
4.3.3. Data processing
The data from the two upstream gauges were used to determine the re￿ection coef-
￿cient using the method developed by Baldock and Simmonds (1999). For the two
gauges, a phase shift exists between the signals (Figure 4.3a and b) that consists of
a positive phase shift for the incident wave trains and a negative phase shift for the
re￿ected wave trains (Frigaard and Brorsen, 1995). To separate the two wave trains
within the recorded signal, wave recordings were transformed into the frequency do-
main using Fast Fourier Transform. The frequency spectra were phase shifted until
the incident wave signals at both gauges were in phase and the re￿ected wave signals
were in mutual opposite phase. It was then possible to compute the re￿ection coe￿-
cient and apply a band ￿lter to remove the re￿ected wave component from the signal
(Baldock and Simmonds, 1999). Data were transformed back into the time domain
with an Inverse Fast Fourier Transform. Figure 4.3 shows an example of recorded
and ￿ltered data for the ￿rst wave gauge. The latter is identical to the incident si-
gnal (Figure 4.3c) and the di￿erence between the incident and recorded signal is the
re￿ected wave train (Figure 4.3d). Data from the gauges at the beginning and end
of the meadow were ￿ltered for the determined re￿ection if the re￿ection coe￿cient
exceeded 5% and zero-crossing was used to obtain signi￿cant wave height from the
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Figure 4.3.: Time series of signals at gauge 1 and 2 for the control run without
mimics in the ￿ume under waves only. a. recorded signal at gauge 1;
b. recorded signal at gauge 2; c. incident signal at gauge 1; d. re￿ected
signal at gauge 1; e. ￿ltered recorded signal at gauge 1.
￿ltered time series at the beginning and end of the meadow. From these values the
dissipated wave height H per metre of meadow was derived as:
H =
Hs;b   Hs;e
x
(4.1)
where Hs;b and Hs;e are the signi￿cant wave heights at the beginning and end of
the meadow respectively and x is the length of the meadow (3 m). This approach
assumes linear wave dissipation along the meadow. Previous studies have shown
that the relationship between wave dissipation and distance into a vegetated area
is non-linear (M￿ller et al., 1999; Koch et al., 2009; Bouma et al., 2010). However,
linearity is a valid simpli￿cation when studying ￿exible vegetation with relative
small wave attenuating capacity over short distances (Fonseca and Cahalan, 1992;
Bouma et al., 2005).
As the meadows varied in leaf length as well as density, a parameter that includes
both these values was required to compare ￿ume runs. Therefore the leaf area index
(LAI = leaf length  leaf width  density) was calculated for each meadow and
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consequently used to compare the wave attenuating capacity of each meadow under
investigation.
Plant movement was expressed in excursion of the leaf tip which was derived from
video recordings. A transparent sheet was placed in front of the computer screen
while the video was played back. The maximum tip excursion of 10 leaves per run
was marked on the sheet and later measured. Those distances were scaled to full
scale using the known height of the window in the ￿ume wall. For the sti￿ mimic,
tip excursion represented the maximum movement of the mimic as the cantilever
motion resulted in smaller excursion angles closer to the bed. While the whip like
motion of the ￿exible mimic resulted in higher excursion angles in the middle of the
mimic, which in some cases exceeded the excursions of the mimic’s tip. An attempt
was made to measure the excursion of the central part of the mimics, using black
markers half way up the mimics. However, only markers from mimics close to the
￿ume wall could be seen. Since mimics close to the wall were in￿uenced by edge
e￿ects, excursion data from those mimics were not representative for all mimics
in the meadow and could therefore not be used for analysis. Consequently, the
excursion of both mimic types (sti￿ and ￿exible) is represented by the tip excursion.
The force required to de￿ect the sti￿ mimic from the vertical was measured with
a strain gauge (from Gould). A 15 cm long mimic was placed horizontally on a
board and the base was ￿xed in position. The gauge was attached to the tip of the
mimic and pulled sideways until the mimic’s tip reached a prede￿ned angle. Once
the required angle was reached, a reading of the strain gauge was taken. Due to
the gauge design, these measurements were carried out in air. Values will therefore
di￿er from forces required in water, however, the values in air show the general
relationship between applied force and de￿ected angle.
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4.4. Results
For all seagrass meadows (Appendix B), the reduction of wave height exceeded that
during the control runs without mimics in the ￿ume (Figures 4.4 and 4.6). Additio-
nally, an e￿ect of plant sti￿ness on wave attenuation was obvious when comparing
the results from all mimic materials used (Figure 4.4). All three sti￿nesses yielded
a clear linear relationship of wave dissipation with LAI: H = 0:61  LAI + 0:56
(R2 = 0.94), H = 0:14  LAI + 0:57 (R2 = 0.84) and H = 0:1  LAI + 0:56
(R2 = 0.62) for the sti￿, ￿exible and very ￿exible mimics respectively. The attenua-
ting e￿ect of the sti￿ material was much higher for a given LAI compared to the
two ￿exible mimics. This is indicated by the much steeper slope of the regression
line for the sti￿ mimics than the ￿exible mimics, while the intercept is comparable.
While the regression lines indicate that wave attenuation by the very ￿exible mimic
was less than for the ￿exible one, this di￿erence is driven by a single data point at
LAI = 2.4 and the two populations are not signi￿cantly di￿erent (ANOVA, F = 0.88,
p = 0.36). The very ￿exible mimics were therefore excluded from further analysis
and only data from sti￿ and ￿exible mimics will be considered hereafter.
Results also showed that wave dissipation increases with submergence ratio (Figure
4.5). However, the data suggest that the e￿ect of submergence ratio remains almost
constant for shoot densities 2000 shoots per m2 and increases with increasing
density above this value.
Comparing wave attenuation in the absence or presence of an underlying current
of 0.1 m s 1 revealed that if a current is present, both wave dissipation and the
observed canopy height are reduced for any given vegetation length (Figure 4.6).
The canopy height reduction by currents is up to 36% for the ￿exible material with
the largest reduction for long ￿exible leaves compared to shorter ones (Figure 4.6c-g),
not surprisingly, it is much smaller for the sti￿ material (up to 7%, Figure 4.6a-b).
Leaf bending due to currents puts leaves lower in the water column where they are
exposed to less orbital motion. However, even when comparing meadows with a
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Figure 4.4.: Dissipated wave height in cm/m as a function of leaf area index under
waves only. The square indicates the value without any seagrass in the
￿ume.  = sti mimic;  = exible mimic; } = very exible mimic.
The symbol colours represent leaf lengths: black = 30 cm; grey = 15
cm; white = 10 cm. Linear regression yields for the sti￿ material H =
0:61LAI+0:56 (R2 = 0.94), for the ￿exible material H = 0:14LAI+
0:57 (R2 = 0.84) and for the very ￿exible material H = 0:1LAI+0:56
(R2 = 0.62).
similar actual canopy height (Figure 4.6), wave dissipation rates in the presence of a
current are lower than in the absence of a current. This indicates that processes other
than the position of the leaves in the water column causes the observed reduction
in wave attenuation in the presence of a current.
Wave dissipation as a function of canopy height (Figure 4.6) follows a relationship
of the form
H = cs
d (4.2)
where s is canopy height, c is a scaling factor along the y-axis and d is the scaling
exponent that determines the function’s rate of growth (Table 4.2). The constant
o￿set between the regression lines with and without a current suggests that the
di￿erence between Hw (wave only) and Hwc (combined waves and currents)
remains constant with canopy height. As ￿ume runs were not available for a single
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Figure 4.5.: Dependence of wave dissipation on submergence ratio for various shoot
densities.
Table 4.2.: Regression parameters for the relationship of wave dissipation and ca-
nopy height of the form H = csd.
density [shoots/m2] current [m s 1] c d R2
￿exible mimics
500 0 0.55 0.04 0.97
0.1 0.45 0.05 0.99
1000 0 0.57 0.05 0.94
0.1 0.48 0.06 0.99
2000 0 0.58 0.05 0.71
0.1 0.46 0.06 0.83
4000 0 0.59 0.06 0.96
0.1 0.48 0.06 0.89
8000 0 0.79 0.08 0.90
0.1 0.57 0.07 0.74
sti￿ mimics
1000 0 0.67 0.06 0.99
0.1 0.54 0.06 0.99
4000 0 0.89 0.1 0.97
0.1 0.61 0.08 0.96
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Figure 4.6.: Dissipated wave height H as a function of canopy height for a. sti￿
mimics, 1000 shoots/m2; b. sti￿ mimics, 4000 shoots/m2; c. ￿exible
mimics, 500 shoots/m2; d. ￿exible mimics, 1000 shoots/m2; e. ￿exible
mimics, 2000 shoots/m2; f. ￿exible mimics, 4000 shoots/m2 and g.
￿exible mimics, 8000 shoots/m2. Data for the wave only case are re-
presented by black symbols and their best ￿t by dotted lines; data for
the combined wave and current case are represented by grey symbols
and their best ￿t by solid lines. The shapes of the symbols indicate leaf
lengths:  = 30 cm;  = 15 cm;  = 10 cm; } = no seagrass.
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Figure 4.7.: Estimated dissipated wave height for a canopy height of 15 cm based on
the regression parameters in Table 4.2. Data for the wave only case are
represented by black symbols and their best ￿t by dashed lines; data for
the combined wave and current case are represented by grey symbols
and their best ￿t by solid lines. o represent sti￿ mimics and  represent
￿exible mimics. The regression lines for the sti￿ mimics are indicated
in grey and not evaluated as they are each based on two data points
only. The best ￿t lines for the ￿exible mimics are in the absence of a
current: H = 5  10 5s + 0:58 (R2 = 0.92) and in the presence of a
current: H = 2  10 5s + 0:51 (R2 = 0.87).
canopy height at all densities, the dependence of Hw and Hwc on shoot density
was explored using the ￿tted relationships (Table 4.2) and Hw and Hwc were
calculated for s = 15 cm for all densities. The calculated values showed that the
dissipated wave height increased with shoot density both in the presence and absence
of an underlying current (Figure 4.7). However, this increase was strongest in the
absence of a current.
Another parameter that was reduced in the presence of an underlying current was the
excursion of the mimic tips which changed with leaf length, but more importantly
with the presence of a current (Figure 4.8). It was noticeable from the videos that
the blade movement was not symmetrical and even in the absence of an underlying
current, the mimics did not move beyond the vertical against wave advance. This
asymmetric movement was caused by the wave ￿eld the mimics were exposed to.
Although the recorded surface elevation was ￿ltered for re￿ection for analysis, the
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Figure 4.8.: Di￿erence in tip excursion between treatments with waves only and
with combined waves and currents. The ￿exible mimics have a density
of 8000 shoots/m2 and the sti￿ mimics have a density of 4000 shoots/m 2.
Variability is expressed by the standard error.
mimics were exposed to the un￿ltered signal (Figure 4.3) and responded accordingly.
The recorded waves were asymmetric (Figure 4.3a and b), leading to higher forward
motion under the crests and lower backward motion under the troughs. As a result,
the leaves were not able to sway back beyond the vertical during the wave cycle.
When considered individually, sti￿ness, LAI, submergence ratio and current have
an e￿ect on wave height dissipation. However, results also indicate that sti￿ness
and LAI can compensate each other (Figure 4.4). Moreover, due to the setup of
experiments, a decrease in submergence ratio led to an increase in LAI for a given
shoot density (Figure 4.5) which needs to be taken into account when interpreting
the e￿ect of submergence ratio on wave attenuation. To explore possible interde-
pendences, stepwise multiple regression was carried out on the whole dataset (Table
4.3). Regression results show that compared to other parameters in this study, sub-
mergence ratio has no signi￿cant e￿ect on wave height dissipation ( b=0.05, t=0.54,
p>0.5). From the other parameters, LAI is the dominating factor when estimating
1314. Wave attenuation by vegetation: the e￿ect of organism traits and tidal current
Table 4.3.: Results of stepwise multiple regression for vegetation traits and currents
under investigation. The e￿ect of submergence ratio was not signi￿cant
(p>0.25 for all models). * p<0.001
b standard error b b* R†
Model 1 0.32
constant 0.59 0.04
LAI 0.10 0.02 0.57
Model 2 0.57
constant 0.69 0.04
LAI 0.10 0.20 0.57
current -1.87 0.43 -0.50
Model 3 0.80
constant 0.41 0.05
LAI 0.11 0.01 0.65
current -1.87 0.30 -0.50
sti￿ness 0.22 0.04 0.48
wave height dissipation, followed by the e￿ect of an underlying current (Table 4.3).
Sti￿ness has also been identi￿ed as signi￿cant, but the values for b and b need to be
interpreted with caution. As no quantitative measurements of sti￿ness were carried
out during this study, sti￿ness was included as an indexed value into the regression
analysis.
4.5. Discussion
It has been recognised that submergence ratio, shoot sti￿ness and density are im-
portant factors in wave attenuation by vegetation (Koch et al., 2006b; Bouma et al.,
2010). However, previous studies have investigated a combination of several vege-
tation traits, especially when using real vegetation where traits are species speci￿c
and cannot be separated. The work with mimics in this study allowed disentangling
the e￿ect of these individual traits and to describe the e￿ect each of them has on
wave attenuation individually.
By using mimic meadows with di￿erent shoot densities and leaf lengths under
constant hydrodynamic conditions, it was possible to show that for a given water
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depth, wave attenuation of shallow water waves depends on the leaf area index LAI.
This observation applied to all sti￿nesses used in this study; however, wave attenua-
tion for a given LAI was much more pronounced for the sti￿ material. Tests with
and without and underlying current revealed that the wave attenuating capacity of
seagrass is signi￿cantly lower in the presence of a current.
4.5.1. Leaf area index
Previous studies (Ward et al., 1984; Fonseca and Cahalan, 1992; Koch, 1996) showed
that seagrass is more e￿ective in attenuating waves the more of the water column it
occupies. This led to the general understanding that wave attenuation depends on
the submergence ratio. The present results extend these observations by showing
that for a given small water depth, LAI as a combination of canopy height and shoot
density, can be used as an integrating factor to predict wave attenuation.
In ￿eld studies (Ward et al., 1984; Koch, 1996; Koch et al., 2006a) the seagrass
canopy remained constant and water depth changed over the tidal cycle. As a result
of changing water depth, wave height and period are likely to have changed. The
data in Chapter 3 show that waves of di￿erent periods are attenuated di￿erently by a
Zostera noltii canopy and it is possible that this response to di￿ering wave periods is
responsible for the di￿erence in wave attenuation capacity with varying water depth.
Fonseca and Cahalan (1992) varied water depth during their laboratory study on
four di￿erent seagrass species. Although they applied waves with constant period,
incident wave height varied between runs. Other laboratory studies adopted this
approach and also changed the submergence ratio by adjusting water depth over
vegetation with constant height (Augustin et al., 2009; Prinos et al., 2010).
During the present study, water depth and wave conditions remained constant and
leaf length and shoot density were varied between runs. The results show a linear
relationship of wave dissipation with LAI, which suggests that for a given wave in
shallow water, a short but dense meadow has the same wave attenuating e￿ect as
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a high but scarce meadow of the same leaf area index. This may be explained by
the drag each unit leaf area poses on the water movement which in return loses
momentum (Kobayashi et al., 1993). The sum of momentum loss generated by the
entire leaf area leads to reduced wave energy and can be observed as wave height
reduction. As a result it is less relevant where in the water column the biomass
is located but the amount of biomass is essential to the rate of wave attenuation.
However, this is expected to be valid only for cases where the waves are in shallow
water. Under those conditions, the gradient in orbital velocity reaches from the
surface to the bottom and interacts with the whole seagrass canopy (Figure 4.9a). In
cases where the velocity gradient does not extent through the whole water column,
a higher meadow is likely to have a higher attenuating e￿ect, because its upper
part would still interact with the wave orbital motion (Figure 4.9b) while a shorter
meadow may not reach into the part of the water column that is a￿ected by the
wave orbital motion (Figure 4.9c).
In shallow water conditions, the relationship of wave attenuation with LAI suggests
that plant species with di￿erent growth strategies (scarce but high vs. dense but
short) can lead to the same amount of wave attenuation, given they reach the same
amount of biomass. If wave attenuation by vegetation could be expressed as a
function of biomass, it would be possible to easily compare the wave attenuating
capacity of di￿erent species. On a biomass level species with di￿ering morphologies
could be compared directly and also more complicated morphologies (e.g. branching)
could be taken into account.
4.5.2. Sti￿ness
The materials chosen for the mimics strongly di￿ered in sti￿ness which led to a
di￿erent bending behaviour under waves and resulted in di￿erent rates of wave atte-
nuation. This agrees with a study carried out on real plants of contrasting sti￿ness
(Bouma et al., 2005). A comparison between rigid and cantilever like structures,
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Figure 4.9.: Schematic of the gradient of orbital velocity under waves and its possible
interaction with seagrass meadows of varying heights. In shallow water
waves interact with the whole seagrass canopy and the bed (a); in deep
water waves interact with the upper part of a high seagrass meadow (b),
but may not interact with a short seagrass meadow (c).
however, did not yield a signi￿cant di￿erence in wave attenuation (Augustin et al.,
2009). Hence, it is possible that the type of motion (cantilever vs. whip like motion)
is more relevant to wave attenuation than the material sti￿ness. However, the type
of motion is not a constant vegetation parameter, but varies with hydrodynamic
forcing. Under low wave forcing, a plant will move like a cantilever while under high
wave forcing, it will change to a whip like motion (Manca, 2010). The amount of
wave forcing required to change from one type of motion to the other depends on
the plant’s sti￿ness. If the plant’s wave attenuating capacity depends on the type
of motion rather than on the plant’s sti￿ness, this capacity will depend on present
wave forcing. It is suggested that this dependence will have a transition from one re-
lationship to another at the point where the type of motion changes from cantilever
to whip like.
Nevertheless, a study on Spartina anglica and Puccinellia maritima (Bouma et al.,
2010) found that the e￿ect of sti￿ness can be compensated by shoot density: The
￿exible plant (P. maritima) dissipated wave height at higher densities as e￿ectively
as the sti￿ one (S. anglica) at low densities. This observation was con￿rmed in the
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present study where the ￿exible materials require approx. four times the leaf area
index of the sti￿ material to yield the same dissipated wave height.
4.5.3. E￿ect of current
In the presence of a current, wave attenuation showed the same systematic behaviour
to that of the wave only case, but the dissipation in wave height was lower for a given
canopy height when a current was present (Figure 4.6). The in￿uence of a current on
wave attenuation has been recognised for unvegetated beds (Madsen, 1994) and kelp
(Gaylord et al., 2003). The presented results con￿rm that a current also a￿ects wave
attenuation by seagrass beds and suggest that previous studies which neglected the
e￿ect of underlying currents overestimated the e￿ect of seagrass on wave attenuation
in tidal regions.
Wave attenuation by vegetation has three components. Plants (1) provide skin fric-
tion due to their surface structure, (2) pose form drag on the ￿ow that depends
on their shape and (3) they absorb wave energy by converting it into plant move-
ment. Skin friction depends on the size of the wetted plant area and is therefore
independent of ￿ow velocities (Koehl, 1996). The form drag of the plant’s frontal
area generates turbulence behind the plant which leads to energy dissipation (Nepf,
1999). In the presence of a current, ￿exible plants change their shape by bending
which reduces the frontal area that poses drag on the ￿ow (Vogel, 1994; Boller and
Carrington, 2006). This streamlining allows ￿exible plants to reduce form drag un-
der increased ￿ows compared to rigid structures (Vogel, 1984; Koehl, 1996) which
in return may contribute to the reduction in wave attenuation in the presence of a
current.
Vegetation also reduces wave energy by transforming it into plant movement. This
transformation results in less energy contained in the wave and can thus be observed
in a reduced wave height H, because the two parameters are related according to
linear wave theory:
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where E is wave energy, r is density of the water and g is gravity. In the wave-only
case, seagrass can move freely within the limits of its sti￿ness and extract energy
from the waves. In the presence of a current this movement is restricted (Figure 4.8)
and the plants are therefore not able to absorb the same amount of wave energy.
Figure 4.10.: Required force to de￿ect the sti￿ mimic from the vertical. The rela-
tionship can be described by F = 10 42 (R2 = 0.99).
An underlying current exerts an initial force on the plants which causes them to
bend. This bending leads to a primary tension within the blades and the force
required to bend the blade further increases with increasing excursion angle  (Figure
4.10). The same wave force would therefore generate a smaller plant movement, the
higher the initial bend due to a steady current is. A study under unidirectional ￿ow
(Boller and Carrington, 2006) showed that initially ￿exible macroalgae were a￿ected
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by ￿ow velocities and behaved like rigid bodies once a critical velocity was exceeded.
It could therefore be expected that the motion restrictive nature of the underlying
current would increase with increasing ￿ow velocity. Similar to macroalgae (Boller
and Carrington, 2006) it may be possible that a critical velocity exists at which
the seagrass blades are no longer able to move and wave attenuation would remain
constant as ￿ow velocity increased above a threshold value. It is hypothesised that
the wave attenuation of plants that are exposed to currents above this threshold
would still be higher than wave attenuation in the complete absence of plants due
to skin friction and streamlined form drag.
The sti￿ material in this experiment did not bend signi￿cantly and its motion can
be described as the back and forth movement of a cantilever (Figure 4.1a). The
￿exible material, however, did bend under waves as well as under combined waves
and currents and showed a whip like motion when it moved against the direction
of wave propagation (Figure 4.1b). This whip like motion was equally present with
or without a steady current, but had a smaller excursion when a steady current
was present. The above explanation would therefore be valid for material that has
a cantilever motion as well as for material with a whip like motion and may be
applicable for a wide range of vegetation types.
4.5.4. E￿ect of density and current
For a constant canopy height both Hw and Hwc increase with shoot density
(Figure 4.7). But the rate of increase di￿ers, which means the underlying current
reduces the wave attenuating capacity of seagrass more at higher densities. As it is
expected that the wave attenuating capacity decreases with increasing ￿ow velocity,
it is surprising to see such a decrease with shoot density in the presence of the same
underlying current. This could be explained by wave induced velocities as observed
by Luhar et al. (2010). During a laboratory study with arti￿cial Zostera marina
shoots, they found that a unidirectional ￿ow in the direction of wave propagation
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was generated within the meadow which increased with increasing shoot density.
Provided the same process took place during the experiments presented here, the
wave induced ￿ow would add to the applied current and therefore lead to an increa-
sed total current at higher shoot densities. If a higher total current was acting on
the seagrass, it could have reduced the wave attenuating capacity more which would
explain the increased di￿erence between Hw and Hwc with increasing shoot den-
sity. However, no data are available on the current velocities within the canopy and
more work needs to be done to prove this hypothesis.
4.6. Conclusions
Laboratory experiments with arti￿cial seagrass were used to investigate the e￿ect
of leaf length, shoot density and sti￿ness on wave attenuation in the absence and
presence of a tidal current. Results showed that sti￿ness and leaf area index de-
termine wave attenuation. The leaf area index combines the e￿ect of leaf length
and shoot density and therefore indicates that density can compensate for lack of
canopy height and vice versa with respect to wave attenuation. The presence of an
underlying current led to a reduction in wave attenuation for all meadows under
investigation. While this phenomenon could not be fully explained with the data
collected during this study, it clearly shows that experiments which are carried out
under waves only, overestimate the wave attenuating capacity of seagrass compared
to most natural environments where underlying currents are present in the form of
tidal ￿ow.
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1405. General Discussion and
Conclusions
5.1. Summary of ￿ndings
This thesis aims at quantifying the e￿ect of Zostera noltii on wave attenuation and
to measure how this e￿ect changes on short (hourly) and medium (monthly) time
scales. Particular attention is given to plant and wave parameters that drive such a
change. The newly developed mapping technique (Chapter 2) was used to quantify
seagrass canopy height and coverage; two parameters that are important for seagrass
monitoring and health assessment (Dennison et al., 1993; Duarte et al., 2006). To
date surveying techniques that allow mapping of both parameters together required
time intensive in situ surveys or expensive equipment such as multi-beam sonars.
The presented method provides a cost e￿ective and fast remote sensing technique
that provides unbiased data and is therefore a valuable contribution to seagrass
monitoring and conservation. Moreover, the mapping technique enables detailed
seagrass mapping on a much larger scale than would be possible using conventional
diving techniques. It can therefore help to de￿ne areas of wave attenuation by sea-
grass. The ￿eld study described in Chapter 3 shows that Zostera noltii is capable of
attenuating waves and highlights that hydrodynamic conditions (e.g. wave height
and period) as well as plant characteristics (e.g. shoot density) in￿uence its e￿ec-
tiveness. However, it also highlights the di￿culties of assessing bed roughness for
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Figure 5.1.: Conceptual diagram of physical processes in and around a Zostera noltii
meadow.
vegetated beds with methods currently available. Present models were developed
for unvegetated beds under the assumption that bed roughness is independent of
hydrodynamic forcing (Madsen, 1994) which is not the case for ￿exible seagrass. In
particular for relatively small seagrass species such as Zostera noltii, the e￿ect of
above ground biomass on bed roughness appears to be too small to be detected with
current models in the ￿eld (see Section 5.6). The e￿ect of plant morphology was
investigated in detail in a laboratory study (Chapter 4) where mimics were used to
determine the e￿ect of leaf length, shoot density and sti￿ness on wave attenuation
individually. Additionally, experiments were carried out with and without an un-
derlying current to explore how wave attenuation by vegetation di￿ers between tidal
and non-tidal environments. Overall, the presented work improves our knowledge
of how wave attenuation gets a￿ected by seagrass in general and by Zostera noltii
in particular (Figure 5.1) and contributes to the understanding of which plant and
wave parameters a￿ect wave attenuation by vegetation.
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5.2. The e￿ect of plant morphology on wave
attenuation
Plant form and structure is species speci￿c; it can therefore be used to identify taxa
(Raven et al., 2005) and help to interpret their structure, origin and development
(Bold et al., 1987). In seagrasses, morphological parameters such as leaf shape or
plant architecture may show variation between populations, but are generally not
a￿ected by seasonal changes (Kuo and Den Hartog, 2006). Leaf length and shoot
density, on the other hand, show seasonal variation in many species (Den Hartog,
1970). It is thus important to understand how these seasonal changes a￿ect wave
attenuance by seagrass over the annual cycle in order to predict wave attenuation
correctly.
5.2.1. Leaf length and shoot density
Zostera noltii shows large variation in above ground biomass throughout the year
which can be observed in changing shoot densities as well as leaf lengths. Previous
studies (Fonseca and Cahalan, 1992; Bouma et al., 2005; Chen et al., 2007; Augustin
et al., 2009; Prinos et al., 2010) showed that changes in shoot density and leaf length
can a￿ect wave attenuation by vegetation. It is therefore important to understand
what role plant morphology plays in wave attenuation in order to predict the impact
of Z. noltii on waves over the annual cycle.
The ￿eld results of this study show that there is a minimum shoot density for
measurable wave attenuation in Z. noltii. This agrees with earlier observations for a
Ruppia maritima meadow (Newell and Koch, 2004). No such threshold was observed
during the laboratory measurements of this study, although mimic densities covered
the whole range of shoot densities observed during the ￿eld study. This discrepancy
may be caused by the experimental setup in the laboratory. Tests were carried out
in very shallow water (h = 30 cm) and with much smaller submergence ratios (1:1
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Figure 5.2.: Large ripples formed in the locations of Z. noltii growth in Ryde and
most likely stabilised by its root system.
to 3:1) than in the ￿eld (average >10:1) and results may therefore not be directly
comparable.
In the ￿eld, the threshold for Z. noltii was between 2,000 and 4,000 shoots/m 2
and therefore at least 3 times larger than the shoot densities observed in winter
(625–225 shoots/m2 in February ’09). It can therefore be expected that the e￿ect
of Z. noltii’s above ground biomass has little impact on wave attenuation during the
winter months when storminess is high. It may, however, increase wave attenuation
in winter compared to unvegetated areas due to its below ground biomass. The
presence of large ripples was observed in locations where seagrass is present (Figure
5.2). It is likely that the root system is binding the sediment and hence stabilises
these bed forms throughout the year (Den Hartog, 1970). The larger bed forms
would lead to an increased bed roughness kN (Li and Amos, 1998) compared to
unvegetated areas even in winter when shoot densities are at a minimum. However,
below ground biomass and bed forms were beyond the scope of this study and the
collected data are therefore not su￿cient to support this hypothesis.
In Ryde, an increase in energy dissipation with distance from the shore was observed
for boat wakes in July when shoot density exceeded a threshold value (Figure 3.11).
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Such behaviour has been found for the seagrass Thalassia testudinum (Bradley and
Houser, 2009) and salt marsh vegetation (M￿ller et al., 1999). Laboratory studies
on two salt marsh species con￿rmed the observations (Bouma et al., 2010) and
Bouma et al. (2005) suggest a division of labour within the meadow where plants
on the leading edge absorb more wave energy and consequently create more suitable
conditions for other plants closer to shore.
Despite the absence of a threshold value during the laboratory experiments, an
increase in wave attenuation with increasing shoot density supported the relevance
of shoot density for wave attenuation found in the ￿eld. However, the experiments
revealed that the combination of shoot density and leaf length as given by the leaf
area index (LAI = leaf length  leaf width  shoot density) is a more accurate
determining factor for wave attenuation of a given wave in shallow water. Leaf
length did not change substantially during the ￿eld study and LAI for the ￿eld data
therefore directly corresponds to shoot density (Appendix A). However, previous
studies observed values between 5 and 45 cm for Z. noltii (Auby and Labourg,
1996; Curiel et al., 1996) depending on location and time of year. Leaf length could
therefore in￿uence LAI signi￿cantly.
The lab results show that shoot density and leaf length can compensate each other
with respect to wave attenuation. Moreover, ￿exible plants with high LAI can have
the same wave attenuating capacity as sti￿ plants with low LAI. Similar observa-
tions were made for natural salt marsh vegetation in a laboratory ￿ume. Data for
the relatively sti￿ Spartina anglica and the relatively ￿exible Puccinellia maritima
yielded the same relationship wherein wave attenuation was described as a function
of biomass (Bouma et al., 2010).
The results herein show that a single morphological parameter cannot account for
all wave attenuation by seagrass and its changes over the year. It is possible to
estimate wave attenuation based on a single morphological parameter, provided
that other characteristics within a particular habitat change little over time, i.e.
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if leaf length remains constant throughout the year, shoot density can be used to
estimate changes in wave attenuation and vice versa. However, for a full account of
the e￿ect of vegetation on wave dissipation, a combination of morphological plant
characteristics needs to be taken into account.
5.2.2. Plant sti￿ness
Shoot sti￿ness (de￿ned as its modulus of elasticity Es) does not change within spe-
cies and is therefore not directly relevant to investigations of the e￿ect of a single
species on wave attenuation. However, it was included in this study to put the results
of Zostera noltii in the wider context of submerged aquatic vegetation. The e￿ect
of sti￿ness on wave attenuation has been investigated for large macroalgae (Koehl,
1996; Denny and Gaylord, 2002) and for salt marsh (Bouma et al., 2010). Results
indicate that sti￿ vegetation is more e￿ective at attenuating waves. The present
experiments on three di￿erent sti￿nesses with the same LAI generally support this
observation (Chapter 4) although no signi￿cant di￿erence in wave attenuation bet-
ween the two ￿exible materials was found. It is possible that it is not the sti￿ness,
but its bending behaviour that determines the plant’s wave attenuating capacity.
The sti￿ mimic moved back and forth as a cantilever under wave motion while the
￿exible and very ￿exible mimics showed a whip like movement. The two ￿exible
materials led to similar values for dissipated wave height at a given LAI, but the
slope of the regression line for the sti￿ material was approx. ￿ve times higher (Fi-
gure 4.4). These results suggest that the type of plant movement (cantilever or whip
like) may be more important in de￿ning wave attenuation by vegetation than the
plant’s modulus of elasticity.
The wave conditions in the present laboratory study remained constant for all tests
and it was therefore not possible to observe cantilever as well as whip like motion in
a single mimic. However, previous studies on Posidonia oceanica mimics found that
leaves act as a cantilever under low hydrodynamic forcing and change to whip like
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motion with increasing wave amplitude and/or period (Manca, 2010). This suggests
that a given material can show both types of motion, provided it is exposed to
the appropriate hydrodynamic forcing (Stewart, 2006). As seagrass meadows are
exposed to a range of hydrodynamic conditions, it is possible that a single meadow
can show cantilever or whip like motion, depending on the hydrodynamic forcing it
encounters. If this is the case and the type of plant movement plays a signi￿cant
role in wave attenuation, the de￿nition of shoot sti￿ness may need to be extended
to include not only the plant’s modulus of elasticity, but also its momentary type of
motion. Such an extended understanding of sti￿ness would not be species speci￿c
anymore, but would strongly depend on the hydrodynamic conditions which will
vary on both spatial and temporal scale in the ￿eld.
Although the mimics were generic and no direct models of speci￿c plant species,
their sti￿nesses covered a range occurring in nature: the ￿exible model resembled
the motion of Zostera noltii while the sti￿ mimic’s bending behaviour was similar
to that of the salt marsh species Spartina anglica. Both species colonise the upper
intertidal and can compete for the same location (Bouma et al., 2010), a comparison
of the two species under coastal engineering aspects is therefore of high relevance to
coastal management. The results from the laboratory study show that the sti￿ S.
anglica is more e￿ective at attenuating waves at a given shoot density than Z. noltii
which agrees well with observations made during a previous ￿eld and laboratory
study (Bouma et al., 2005). Moreover, the sediment binding capacity of the salt
marsh plant is higher, leading to built up of tussocks which have not been observed
for Z. noltii so far (Bouma et al., 2010). Although higher densities of Z. noltii
can compensate for the increased wave attenuating capacity of the sti￿ S. anglica
(Chapter 4), it is suggested that salt marsh is overall more e￿ective in attenuating
waves and therefore directly contributing to coastal protection. Nevertheless, Z.
noltii is suggested to play an indirect role by stabilising sediments with its root
system and therefore preparing the ground for colonisation by salt marsh vegetation.
Large scale experiments with salt marsh patches con￿rmed ￿eld observations that
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increased turbulence can lead to erosion along the leading edge of salt marsh tussocks
(Bouma et al., 2007). Presence of Z. noltii meadows in front of those tussocks
may stabilise the present sediment and hence reduce erosion. This in return would
facilitate the lateral expansion of salt marsh vegetation and therefore indirectly
contribute to coastal protection by vegetation.
5.3. The e￿ect of wave parameters on wave
attenuation
Natural sea state is composed of a range of wave heights and periods which will
vary over time (Kamphuis, 2000). Previous studies suggest that wave parameters
can a￿ect wave attenuation by coral reefs (Lowe et al., 2005), salt marsh (M￿ller,
2006) and seagrass (Lowe et al., 2007; Bradley and Houser, 2009) and it is therefore
necessary to consider incident wave forcing when estimating wave attenuation by
submerged vegetation.
5.3.1. Wave period
To assess how wave period a￿ects wave attenuation by Zostera noltii, natural wind
waves and boat wakes were analysed separately during the ￿eld study. Wind waves
were generated by north-westerly winds and were characterised by 2-4 s periods.
Boat wakes had a wave period of 10 s and were generated by ferries leaving from
the pier head adjacent to the study site. The e￿ect of each wave type on wave
attenuation was investigated in two ways: by calculating the wave drag coe￿cient
CD which is independent of seasonality, and by comparing the representative energy
dissipation factor fe;r which depends on vegetation density and coverage.
CD remained constant for wave frequencies <0.4 Hz and did not change over the
year. These results are in contrast to ￿ndings in a natural Thalassia testudinum
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(Bradley and Houser, 2009) and an arti￿cial Posidonia oceanica (Manca, 2010) bed.
Both studies found that peak frequencies were dissipated more than other wave
frequencies in the spectrum. Bradley and Houser (2009) also found reduced values
for CD at frequencies that correspond to the swaying frequency of the seagrass.
They suggest that the reduced relative motion between water and vegetation leads
to less drag and therefore less energy dissipation at these frequencies. Theoretical
approaches have identi￿ed the relative velocity between water and vegetation as the
determining velocity for drag (Kobayashi et al., 1993; MØndez et al., 1999; MØndez
and Losada, 2004) which is supported by studies in macroalgae. Flexible kelp moves
synchronous with water motion which reduces drag to values too small to observe
signi￿cant wave energy dissipation (Elwany et al., 1995). Nevertheless, the relative
motion of vegetation is still poorly understood, which is mainly due to the di￿culties
of measuring plant movement in a ￿eld setting.
A di￿erence in wave attenuation between boat wakes and wind waves was observed
for the energy dissipation factor fe;r. For the short period wind waves, fe;r remained
constant along the instrumented transect for all deployments. The same was obser-
ved for boat wakes in autumn, winter and spring. In summer, however, fe;r for boat
wakes showed a decrease towards the shore similar to the exponential decay found
in other submerged vegetation (M￿ller et al., 1999; Bouma et al., 2005; Bradley and
Houser, 2009). This suggests that the shoot density threshold above which wave
dissipation can be observed varies with wave period. For the longer period boat
wakes the threshold lies between approx. 2,000 and 4,000 shoots/m 2, while for short
period wind waves the threshold is expected to be 4,500 shoots/m2 as it was not
exceeded during this study.
5.3.2. Wave height
Laboratory studies showed that percentage wave attenuation increases with increa-
sing wave height (Fonseca and Cahalan, 1992; Augustin et al., 2009; Prinos et al.,
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2010). Higher waves lead to higher wave orbital velocities which in return exert a
higher shear stress on the seabed and over vegetation (Chen et al., 2007). For rough
turbulent ￿ow, the rate of wave energy dissipation is positively correlated with the
product of shear stress and wave orbital velocity (Dean and Dalrymple, 1991) which
leads to the observed relationship between wave height and attenuation.
Wave height was held constant during the laboratory experiments of this study
and the wave spectra recorded in the ￿eld were composed of a variety of wave
heights. It was therefore not possible to directly assess the impact of wave height on
attenuation. It was possible to indirectly assess the e￿ect of orbital velocity on wave
attenuance by relating the drag coe￿cient CD to the vegetation Reynolds number
(Rev = bub=). However, the results only allow limited conclusions for the e￿ect of
wave height as the maximum horizontal orbital velocity ub also depends on water
depth, which varied over time during ￿eld measurements.
CD was found to increase with decreasing Rev, while with increasing vegetation
Reynolds number CD approaches a constant value. This indicates that the drag
coe￿cient becomes independent of orbital velocity in rough turbulent conditions
(Kobayashi et al., 1993; MØndez et al., 1999; MØndez and Losada, 2004). A rela-
tionship of the form CD = a+(b=Rev)c was con￿rmed recently in the ￿eld (Bradley
and Houser, 2009). The data presented in Chapter 3 ￿t a relationship of the same
form and show that it is independent of wave period: the relationship of CD and
Rev for low period wind waves as well as higher period boat wakes are described by
the same equation:
CD = 0:06 +

153
Rev
1:45
(5.1)
The scatter around this ￿t increased when signi￿cant wave heights less than 0.1 m
were considered which suggests that the accuracy of the relationship decreased with
decreasing signi￿cant wave height. However, signi￿cant wave heights in this study
did not exceed 0.16 m and more data, especially on higher waves are required to
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investigate the e￿ect of wave height on eq. 5.1 and how this is a￿ected by water
depth.
5.4. The impact of submergence ratio on wave
attenuation
In tidal environments, seagrasses are exposed to changing water depths over the tidal
cycle. The e￿ect of these depth changes is most pronounced in the intertidal where a
depth change on the decimetre scale can lead to a multiple increase in submergence
ratio, i.e. the ratio between water depth and vegetation height. Zostera noltii is an
intertidal species and it is therefore important to consider the e￿ects of submergence
ratio on wave attenuation in order to assess wave attenuation by Z. noltii correctly.
In the ￿eld, water depth varied between 0 and 3 m over an almost constant leaf length
(13–3 cm) throughout the year, yielding submergence ratios up to 23:1. The present
understanding is that seagrass attenuates waves best when it occupies >50% of the
water column (Ward et al., 1984; Fonseca and Cahalan, 1992; Koch et al., 2006a).
In this study (Chapter 3), wave height reduction along the transect was observed in
submergence ratios up to 8:1; four times larger than the one suggested previously
(Fonseca and Cahalan, 1992). Nevertheless, the observation that seagrass reduces
wave height more e￿ectively at lower water depths matches previous observations
(Koch et al., 2006a). Koch (2001) compared results from several ￿eld and laboratory
studies and found a positive correlation of wave attenuation with submergence ratio.
A ￿eld study on Ruppia maritima supports this correlation, as it observed a linear
relationship between wave attenuation and water depth for two di￿erent leaf lengths
(Newell and Koch, 2004). Newell and Koch (2004) also found that wave attenuance
over R. maritima was highest when the canopy occupied the whole water column
which con￿rms observations by Fonseca and Cahalan (1992) who found a signi￿cant
e￿ect of submergence ratio on wave attenuation in three out of four seagrass species
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during a laboratory study. A more recent numerical and physical modelling study
supports the e￿ect of submergence ratio on wave attenuation, but also shows that
the upper depth limit for wave attenuation by vegetation depends on the incident
hydrodynamic forcing (Chen et al., 2007). The model suggests that wave period
and orbital velocity determine how e￿ectively seagrass attenuates waves in water
depths too deep for the waves to ’feel the bottom’, but shallow enough for the
waves to interact with the seagrass canopy. This possible dependence on other
hydrodynamic parameters may explain ￿eld observations of wave attenuation in
a 5 m deep Amphibolis antarctica meadow (Verduin and Backhaus, 2000) and a
Posidonia oceanica bed at 15 m depth (Granata et al., 2001).
The e￿ect of combined submergence ratio and wave forcing has been indirectly ad-
dressed in several laboratory studies (Fonseca and Cahalan, 1992; Bouma et al.,
2005; Augustin et al., 2009; Prinos et al., 2010). During these experiments submer-
gence ratio was varied by changing water depth over a constant vegetation height.
While such an approach reproduces ￿eld conditions where water depth changes over
a tidal cycle, it also leads to changes in wave height and/or period. It is therefore
di￿cult to distinguish between the e￿ects of submergence ratio and wave forcing and
thus to interpret the results with respect to submergence ratio only. The current
study (Chapter 4) allowed assessment of the e￿ect of submergence ratio without
possible e￿ects introduced by changes in wave parameters such as wave height and
period, as mimics with di￿erent leaf lengths were exposed to identical monochro-
matic waves in a constant water depth. In agreement with ￿eld observations in R.
maritima (Newell and Koch, 2004) results show a linear relationship of wave dis-
sipation with submergence ratio for a range of shoot densities (Figure 4.5). The
data suggest that the e￿ect of submergence ratio remains almost constant for shoot
densities 2000 shoots/m2 and increases with increasing density above this value.
This observation is very similar to the result that a minimum density was required
to observe wave attenuation in the ￿eld. However, it may be an artefact of the
dataset as data for 2000 shoots/m 2 did not show good correlation (R 2 = 0.15) and
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the density of 4000 shoots/m 2 lack data for a submergence ratio of 1:1. Despite the
reduced dataset for densities of 4000 shoots/m 2, the experiments con￿rm previous
￿ndings that wave attenuation increases with increasing submergence ratio under
￿eld conditions where change in submergence ratio is caused by changes in water
depth over the tidal cycle.
Submergence ratio also varied along the instrumented transect due to bottom slope.
Even though the slope was too small (s 1:550) to cause signi￿cant wave re￿ection
(Chapter 3), it resulted in a height di￿erence of s0.7 m between the inner and
outermost station. This has led to signi￿cant di￿erences in submergence ratio along
the transect, especially at low water depths. While submergence ratio has not
been directly taken into account during analysis of the ￿eld data, it was included
indirectly by analysing each section of the transect individually. As a result plots
like Figure 3.10 are based on data from di￿erent intervals in time for each section
of the transect.
The results also revealed that attenuation of shallow water waves is driven by leaf
area index and not submergence ratio alone. While LAI will not change on the
same time scales as water depth in nature, the laboratory experiments allowed in-
vestigation of its impact on attenuation of a given wave type. Comparison of test
results revealed that for a constant water depth a meadow with low leaf length (high
submergence ratio) but high shoot density can lead to the same amount of wave atte-
nuation than a meadow with high leaf length (low submergence ratio) and low shoot
density (Figure 4.5). It is concluded that the amount of biomass determines the rate
of wave attenuation rather than where in the water column it is located. However,
this conclusion is based on meadows where biomass is evenly distributed throughout
the height of the canopy (e.g. Zostera noltii) and it is not yet known whether the
same applies to species that have more biomass in the upper ( Amphibolis antarctica )
or lower (Posidonia oceanica ) part of the canopy.
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5.5. The e￿ect of an underlying current on wave
attenuation
In the natural environment, seagrass is often exposed to a combination of waves
and currents generated by tidal ￿ows. It is recognised that an underlying current
can a￿ect a given wave energy ￿ux and consequently the associated wave friction
factor fw (Madsen, 1994). However, for unvegetated beds this e￿ect is negligible
if the current acts perpendicular to the approaching waves (Mathisen and Madsen,
1996a, 1999). This was the case during the ￿eld study in Ryde and the current’s
e￿ect on incident waves was therefore considered small. The current may, however,
have an impact on the posture of the seagrass meadow as the leaves are likely to
bend and align themselves with the ￿ow (Fonseca and Koehl, 2006; Backhaus and
Verduin, 2008). Studies on the kelp Nereocystis luetkeana showed that a current
perpendicular to wave advance can reduce wave attenuation by changing the relative
velocity between the water and the vegetation (Gaylord et al., 2003). Nereocystis
luetkeana is a large canopy forming species that usually occupies most of the water
column and the ￿ndings by Gaylord et al. (2003) suggest that currents perpendicular
to wave propagation need to be considered when investigating wave attenuation by
kelp vegetation. However, it is not clear whether the same applies to small meadow-
forming seagrass species such as Zostera noltii.
No data were available on leaf posture during this ￿eld study and it was therefore
not possible to investigate whether the principles observed in kelp also apply to
the seagrass in Ryde. Instead, the e￿ect of a current was included in the laboratory
experiments where the e￿ect of a steady current in the direction of wave propagation
was explored. In the presence of a current wave attenuation was reduced by 13-36%
compared to the no-current scenario, depending on mimic sti￿ness and LAI. The
steady current led to leaf bending and reduced leaf motion, however, it did not
a￿ect the type of movement (cantilever or whip like). During the experiments, only
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a current velocity of 0.1 m s 1 was tested, but it is hypothesised that leaf motion
will be restricted further with increasing ￿ow velocity. Such behaviour was observed
in macroalgae that eventually behaved like rigid bodies once the velocity exceeded a
critical value (Boller and Carrington, 2006). The results from the present study did
not indicate that reduction of wave attenuation by the current depends on canopy
height, but a relationship with shoot density was observed. The available data are
not su￿cient to explain this observation. Nevertheless, the results indicate that
data collected under waves only may overestimate wave attenuation by seagrass in
areas where currents are present in the form of tidal ￿ow.
5.6. Hydrodynamic roughness of Zostera noltii
The physical roughness of seagrass includes canopy height, shoot density and cover-
age and is a measure of a meadow’s health and growth state (Duarte et al., 2006).
Summer values for canopy height and coverage of Zostera noltii in Ryde were mea-
sured with a pro￿ling sonar (Chapter 2) and monthly local measurements of leaf
length and shoot density were taken during on-foot visits during low tide when the
site was exposed. The latter changed throughout the year which suggests that the
physical roughness of the seagrass meadow will have varied.
It has been shown for unvegetated beds that roughness a￿ects the energy dissipa-
tion factor fe;r by imposing a hydraulic roughness kN on the ￿ow (Kamphuis, 1975;
Nielsen, 1992; Madsen, 1994). Attempts have been made to apply the relationship
between kN and fe;r to vegetated beds (Bradley and Houser, 2009; Manca, 2010).
In the laboratory, Manca (2010) found an increase of kN with increasing shoot den-
sity, while Bradley and Houser (2009) were not able to ￿nd a relationship between
roughness length and seagrass morphology based upon ￿eld results. In the present
study, kN did not vary signi￿cantly over the year. These observations suggest that
while shoot density a￿ects hydraulic roughness, it is not possible to identify it under
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￿eld conditions, because other parameters may play a role. Simpli￿ed laboratory
conditions, however, eliminated some of the other complicating factors and there-
fore enhanced the signal of shoot density on kN. The results from both previous
studies found that hydraulic roughness is a fraction of the canopy height which
agreed with observations under currents (Neumeier, 2007). In the present study,
hydraulic roughness values exceeded leaf length for all deployments and therefore
do not support previous ￿ndings. However, they agree with roughnesses found for
arti￿cial triangular bars (Mathisen and Madsen, 1996a,b, 1999), rippled sands (Iwa-
gaki and Kakinuma, 1967) and coral reefs (Lowe et al., 2005). It is possible that the
e￿ect of large ripples observed inside the Z. noltii bed (Figure 5.2) on kN dominate
the hydraulic roughness and compared to this, the e￿ect of Z. noltii’s above ground
biomass was too small to be detected under ￿eld conditions. Previous studies showed
that the energy dissipation factor fe;r reduces non-linearly towards the shore over
submerged vegetation (MØndez et al., 1999; Newell and Koch, 2004; Bradley and
Houser, 2009; Bouma et al., 2010). The lack of such a non-linear trend in fe;r across
the sand￿at supports the hypothesis that kN in Ryde is dominated by the present
bed forms and not by the presence of Z. noltii. The constant spatial distribution of
fe;r for natural waves indicates that the beach pro￿le has adjusted to the constant
presence of waves and aligned itself in a way that friction and therefore applied
shear stress is minimum along the pro￿le. The constant temporal distribution of
fe;r suggests that the pro￿le remains stable throughout the year and no summer and
winter states exist at the study site. This is supported by pro￿les monitored by the
Channel Coastal Observatory (Figure 5.3) which do not show a signi￿cant change
(ANOVA, F = 1.82, p = 0.15, n = 52) for the duration of the ￿eld study (CCO,
2011).
If the in￿uence of Z. noltii on wave attenuation of average wave conditions (2-4 s
period wind waves) is small compared to the e￿ect of the seabed, the pro￿le would
be stable even in the absence of seagrass. This overall stability of the pro￿le could
be the reason why the Z. noltii meadow established itself at this location. A stable
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Figure 5.3.: Beach pro￿les taken along the instrumented transect, running approx.
south-north (CCO, 2011). Distances are given with respect to the pier
head north of the transect. The extent of seagrass growth towards the
pier head is not known.
pro￿le promotes seedlings to take root, and vegetative shoots may develop from
rhizomes without being eroded or covered with sediment before they manage to
establish. Once the meadow is established, its stabilising function (Amos et al.,
2004; Widdows et al., 2008) will help keeping the pro￿le stable, making it more
robust against storm e￿ects.
Moreover, the data suggest that Zostera noltii’s above ground biomass does not
contribute signi￿cantly to energy dissipation and bed roughness and therefore coastal
protection during winter when storminess is high. However, its root system may
stabilise the sediment throughout the year and therefore contribute indirectly to
coastal protection by reducing erosion. It is important to note that the data only
allows these conclusions for Zostera noltii. Other seagrass species that show a higher
above ground biomass, especially during winter, may provie a signi￿cant and direct
contribution to coastal protection by dissipating wave energy reaching the shore.
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5.7. Critical analysis of methods used
5.7.1. Choice of species under investigation
The seagrass species Zostera noltii was chosen, because it is native to Britain and
highly abundant across Europe which enabled easy access to study sites. Additio-
nally, it showed a high seasonality which enabled the investigation of varying above
ground biomass in the ￿eld without the necessity of changing study sites and the
coupled problems of changing boundary conditions such as di￿erences in bathymetry
or wave conditions.
However, the size of Z. noltii led to di￿culties during data analysis. The e￿ect of
such a small species on wave attenuation is small and therefore di￿cult to detect in
naturally variable ￿eld data. It is hypothesised that results would have been more
pronounced and consequently more robust if a larger species such as Zostera marina
would have been used. Nevertheless, it was possible to show that Z. noltii reduces
wave energy under certain conditions (e.g. a minimum shoot density is required) and
these results are promising in the context of the general e￿ect of submerged ￿exible
vegetation on wave attenuation as it can be expected that the e￿ect of larger species
is more pronounced and detectable throughout the whole year.
Another possible source of inaccuracy in the data was caused by the study sites
vicinity to the pier in Ryde. This proximity to a solid structure may have cau-
sed refraction e￿ects in the recorded wave ￿eld which makes robust interpretation
of the ￿eld results di￿cult. However, the site provided the best compromise bet-
ween accessibility, safety and data quality. As the site needed to monitored over
a whole year, it was decided to choose a site close to Southampton that could be
easily accessed on a regular basis. The general location in Ryde ful￿lled this condi-
tion and, moreover, provided a large continuous Z. noltii meadow (approximately
40 ha) which ensured a su￿ciently long transect for wave measurements with sea-
grass cover. As some instruments required connection to a power source and logging
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station, it was consequently necessary to operate close to a dry, stable platform
that could hold a generator and electrical equipment. And since it was envisaged
to also collect data in winter when weather conditions may be rough, it was consi-
dered unsafe to construct a temporary platform elsewhere on Ryde Sand. Overall,
Ryde pier provided a very suitable base for data collection and it is suggested that
possible e￿ects on the wave ￿eld by the pier’s structure would not have been up
for discussion, if the seagrass growing in its vicinity would have been bigger (i.e. Z.
marina) and hence its e￿ect on wave attenuation more pronounced.
5.7.2. Use of hydrodynamic equations
During the ￿eld study (Chapter 3), wave parameters were calculated based on linear
wave theory. However, this may not be an accurate simpli￿cation of the local wave
￿eld in Ryde. Time series, especially of boat wakes (Figure 3.8a), suggest that
present waves may not be linear and better represented by other wave models (e.g.
cnoidal waves). It was nevertheless decided to use a linear approach, because the
subsequent models for computing energy dissipation and drag coe￿cients were based
on the assumption that linear wave theory applies. If a di￿erent wave model would
have been used during the initial steps of analysis, the validity of those models
would have been questionable. Previous studies have successfully applied linear
wave theory to wind waves (Lowe et al., 2007; Bradley and Houser, 2009; Mullarney
and Henderson, 2010) and boat wakes (Koch, 2002; Ciavola, 2005; Garel et al., 2008)
under similar conditions and it was therefore considered a reasonable approximation
of the wave conditions encountered in Ryde.
5.7.3. Use of seagrass mimics
The mimics used to represent seagrass during the laboratory experiments were found
by visual comparison of live plants and various mimic materials in a laboratory ￿ume.
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The material that best simulated the plant’s movement was chosen to produce the
mimics for this study. This approach varied from other studies with plant mimics
where mimic material was chosen as to match plant properties such as modulus of
elasticity and material density as closely as possible (Folkard, 2005; Manca, 2010).
However, the present study did not intend to model any plant species perfectly, but
to explore the general e￿ect of the plant properties sti￿ness, leaf length and density
on wave attenuation. Nevertheless, it should be noted that the visual comparison
was done under unidirectional ￿ow while the experiments for this study were carried
out under orbital wave motion. It is therefore assumed that a behavioural similarity
under unidirectional ￿ow corresponds to a similarity under oscillatory movement.
This, however, may not be the case as di￿erences in ￿exural sti￿ness may lead to a
di￿erent response time to changes in ￿ow direction (i.e. under waves) while those
di￿erences may not become apparent under constant unidirectional ￿ow (Dijkstra
and Uittenbogaard, 2010).
5.8. Future work
The work presented here shows that plant morphology as well as wave and tidal pa-
rameters have an e￿ect on wave attenuation by Zostera noltii. Moreover, this study
revealed that those parameters can in￿uence each other’s impact on wave attenua-
tion. Hydrodynamics can in￿uence morphological threshold values (e.g. minimum
shoot density) that need to be exceeded before wave attenuation can be observed
and morphological parameters can in return change the impact hydrodynamics have
on wave attenuation; the e￿ect of an underlying current, for example, depends on
plant sti￿ness. Studies that consider these interactions are still rare and future work
should focus more on these interactions to evaluate their importance in wave atte-
nuation by vegetation. From the present study four research topics were identi￿ed
that would help assessing the e￿ect of hydro-morphodynamic interactions.
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1. It was shown in Chapter 2 that leaf length is a good approximation for canopy
height in the ￿eld, however the laboratory study (Chapter 4) con￿rmed previous
￿ndings that canopy height reduces under the presence of a current (Fonseca et al.,
1982). Many seagrass monitoring programmes include leaf length measurements as
part of the meadow’s health assessment, but usually do not record canopy height
(Buia et al., 2004). It would save time and money for additional surveys, if the
collected data could be used to predict wave attenuation. However, this would
require an understanding of the di￿erence between leaf length and canopy height
from a hydrodynamic perspective. Detailed ￿eld and laboratory studies should be
carried out to investigate the relationship between these two parameters for di￿erent
seagrass species and under varying hydrodynamic conditions.
2. Tests on three di￿erent seagrass mimics (Chapter 4) con￿rmed earlier results
(Bouma et al., 2005, 2010) that wave attenuation increases with increasing plant
sti￿ness. Nevertheless, no signi￿cant di￿erence was observed between the two ma-
terials that moved in a whip like motion and an arti￿cial salt marsh material that
moved in a cantilever motion yielded the same wave attenuation as sti￿ material
(Augustin et al., 2009). Laboratory studies (Manca, 2010) showed that vegetation
of a certain sti￿ness can exhibit both motion types (cantilever or whip like) depen-
ding on hydrodynamic forcing. While it is likely that very ￿exible species like Z.
noltii show whip like motion under all ￿eld conditions and very sti￿ species (e.g.
Spartina alterni￿ora ) always move as a cantilever, species of a medium sti￿ness
(e.g. Posidonia sp.) may vary between the two types of motion under changing
hydrodynamic conditions. It should therefore be explored how the type of motion
a￿ects wave attenuation and under what conditions individual species change their
behaviour from one motion type to the other.
3. During the laboratory study (Chapter 4) is was found that leaf area index deter-
mines wave attenuation and a study on salt marsh suggested that wave attenuation
can be described as a function of biomass which is independent of species (Bouma
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et al., 2010). A possible dependence on biomass rather than individual morphologi-
cal parameters could explain observations made in Z. noltii (Chapter 3) and Ruppia
maritima (Newell and Koch, 2004) where a minimum shoot density was required
before an e￿ect on wave attenuation could be observed. Both species have relatively
narrow, short vegetative shoots which lead to low biomass values per shoot. If a
minimum biomass per m2 was required before wave attenuation could be detected,
both species would need to exceed a certain density to achieve such threshold bio-
mass. No critical density values have been observed for larger seagrass species where
a critical biomass may have been reached at much lower densities. More research
is needed on the e￿ect of species independent biomass on wave attenuation and the
existence of a possible minimum threshold value. A relationship of wave attenuation
by vegetation to biomass instead of species speci￿c parameters would allow direct
comparison of the wave attenuating capacity between species and ecosystems.
4. Including an underlying current in the laboratory experiments (Chapter 4) revea-
led that studies under waves only overestimate wave attenuation by seagrass in tidal
environments. However, the experimental setup of this study investigated currents
only in the direction of wave propagation. A study on kelp (Gaylord et al., 2003)
showed that even currents perpendicular to wave advance can a￿ect wave attenua-
tion by vegetation even though it has no signi￿cant e￿ect on the waves (Mathisen
and Madsen, 1996a, 1999). In order to predict wave attenuation by vegetation un-
der natural conditions it is necessary to de￿ne the e￿ect of an underlying current
on wave attenuation by vegetation and to include the angle between ￿ow direction
and wave propagation.
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Table A.1.: Measured leaf length (standard deviation, n = 10) and shoot density
for all deployments in Ryde. Coordinates are given in WGS 84. LAI is
based on a constant leaf width of 2 mm.
date latitude
[North]
longitude
[West]
leaf length
[cm]
shoot density
[per m2]
LAI
[m2 m 2 ]
October ’08 50 44 09.1 1 09 39.1 21, 22, 18, 18, 20,
20, 18, 21
1689 0.67
November ’08 50 44 05.9 1 09 38.7 10, 10, 8, 7, 11, 6,
10, 10, 5, 8
1144 0.19
50 44 09.1 1 09 39.3 14, 20, 16, 13, 18,
13, 14, 12, 10, 12
744 0.21
50 44 08.2 1 09 38.3 14, 13, 15, 15, 17,
16, 9, 15, 12, 14
1011 0.28
50 44 09.4 1 09 39.3 14, 13, 12, 14, 12,
12, 19, 15, 13, 12
1344 0.37
December ’08 50 44 09.0 1 09 39.3 20, 20, 22, 10, 13,
15, 23, 22, 24, 21
1533 0.58
50 44 09.2 1 09 39.2 8, 12, 12, 8, 12, 8,
7, 13, 11, 10
1000 0.20
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date latitude
[North]
longitude
[West]
leaf length
[cm]
shoot density
[per m2]
LAI
[m2 m 2 ]
50 44 09.9 1 09 39.3 16, 14, 14, 20, 18,
18, 11, 15, 10, 14
311 0.09
December ’08 50 44 09.5 1 09 39.1 15, 13, 21, 21, 22,
12, 17, 19, 20, 12
1356 0.47
50 44 10.2 1 09 39.5 21, 15, 17, 16, 18,
21, 18, 15, 21, 16
677 0.24
January ’09 50 44 08.8 1 09 39.6 20, 19, 19, 14, 25,
20, 18, 18, 22, 21
856 0.34
50 44 09.4 1 09 39.6 9, 12, 12, 11, 11, 9,
7, 13, 13, 10
1011 0.22
50 44 09.8 1 09 40.1 8, 5, 7, 5, 8, 9, 9, 9,
7, 6
1967 0.29
50 44 09.8 1 09 40.0 11, 14, 21, 4, 13, 9,
9, 11, 16, 12
667 0.16
February ’09 50 44 08.6 1 09 40.6 5, 11, 14, 10, 4, 8,
9, 3, 7, 5
956 0.15
50 44 09.1 1 09 40.2 13, 7, 20, 5, 19, 7,
18, 9, 6, 18
522 0.13
50 44 09.9 1 09 39.6 11, 9, 7, 6, 5, 10,
16, 3, 6, 10
567 0.09
50 44 10.3 1 09 41.1 8, 15, 9, 10, 8, 18,
10, 6, 12, 5
456 0.09
March ’09 50 44 08.9 1 09 39.9 8, 5, 5, 8, 9, 7, 7,
10, 8, 10
856 0.13
166date latitude
[North]
longitude
[West]
leaf length
[cm]
shoot density
[per m2]
LAI
[m2 m 2 ]
50 44 09.4 1 09 39.9 7, 8, 12, 11, 9, 7, 6,
8, 8, 8
911 0.15
March ’09 50 44 09.8 1 09 40.6 10, 12, 16, 9, 9, 7,
8, 8, 6, 7
578 0.11
50 44 08.7 1 09 39.5 11, 10, 3, 11, 6, 5,
7, 9, 8, 10
744 0.12
April ’09 50 44 10.0 1 09 40.4 10, 9, 11, 13, 12,
11, 10, 11, 5, 10
789 0.16
50 44 09.9 1 09 40.6 18, 17, 18, 9, 13,
11, 10, 12, 10, 12
689 0.18
50 44 09.7 1 09 41.6 10, 11, 15, 10, 12,
12, 14, 5, 7, 6
1089 0.22
50 44 08.8 1 09 41.6 10, 13, 14, 15, 12,
11, 12, 6, 7, 9
844 0.18
May ’09 50 44 09.5 1 09 39.8 15, 12, 10, 11, 17,
6, 9, 8, 10, 11
2278 0.50
50 44 09.2 1 09 39.7 15, 11, 13, 8, 18,
13, 14, 14, 13, 15
1311 0.35
50 44 09.1 1 09 39.6 14, 12, 14, 15, 16,
14, 16, 13, 14, 15
1500 0.43
50 44 08.1 1 09 39.7 12, 13, 11, 11, 12,
12, 14, 13, 11, 12
1322 0.32
June ’09 50 44 09.2 1 09 40.0 12, 11, 5, 13, 14,
16, 13, 15, 14, 17
3867 1.01
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date latitude
[North]
longitude
[West]
leaf length
[cm]
shoot density
[per m2]
LAI
[m2 m 2 ]
50 44 09.2 1 09 40.1 15, 15, 14, 14, 13,
15, 15, 13, 16, 15
6244 1.81
June ’09 50 44 10.6 1 09 39.7 13, 13, 9, 10, 12,
11, 9, 12, 10, 11
2856 0.63
50 44 09.7 1 09 40.8 20, 17, 19, 18, 19,
17, 19, 21, 17, 18
3156 1.17
July ’09 50 44 09.3 1 09 39.3 12, 15, 20, 12, 14,
13, 16, 13, 18, 16
4022 1.20
50 44 10.0 1 09 39.8 12, 11, 12, 9, 10,
11, 12, 11, 8, 16
3811 0.85
50 44 09.5 1 09 40.2 15, 14, 13, 17, 17,
17, 16, 15, 15, 15
3911 1.20
50 44 08.5 1 09 39.9 12, 12, 21, 13, 18,
17, 11, 12, 12, 12
4911 1.38
August ’09 50 44 08.8 1 09 39.4 14, 13, 18, 16, 13,
19, 16, 14, 13, 10
4522 1.32
50 44 09.1 1 09 40.4 14, 10, 13, 13, 12,
11, 11, 10, 13, 14
3978 0.96
50 44 09.5 1 09 39.9 11, 10, 10, 9, 9, 11,
10, 9, 9, 8
4167 0.80
50 44 09.3 1 09 40.3 13, 13, 12, 13, 12,
16, 13, 15, 14, 14
5878 1.59
September ’09 50 44 08.8 1 09 39.6 14, 12, 15, 14, 20,
21, 13, 12, 13, 12
3611 1.05
168date latitude
[North]
longitude
[West]
leaf length
[cm]
shoot density
[per m2]
LAI
[m2 m 2 ]
50 44 09.4 1 09 40.2 12, 14, 13, 12, 13,
11, 13, 11, 10, 14
2144 0.53
September ’09 50 44 09.6 1 09 39.7 9, 9, 12, 13, 8, 14,
12, 12, 9, 8
2267 0.48
50 44 09.7 1 09 40.3 15, 14, 14, 11, 17,
14, 15, 13, 14, 13
2289 0.64
October ’09 50 44 09.4 1 09 39.6 12, 12, 10, 13, 15,
17, 10, 12, 14, 11
1867 0.47
50 44 09.4 1 09 39.7 13, 11, 12, 10, 12,
16, 12, 15, 9, 10
2044 0.49
50 44 09.1 1 09 39.9 11, 12, 12, 14, 12,
18, 16, 18, 15, 15
1367 0.39
50 44 08.6 1 09 39.3 9, 12, 13, 13, 10,
10, 15, 15, 12, 13
2122 0.52
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Plots of all wave spectra can be found on the enclosed CD-ROM. File names consist
of three parts that allow unique identi￿cation of the interval used to generate the
plot:
1. The letter code indicates the month during which the data was collected.
month October ’08 February ’09 May ’09 July ’09 October ’09
code Oct08 Feb May Jul Oct09
1. The ￿rst number indicates the station at which the data was collected.
2. The second number indicates the time interval during the relevant deployment
at which the data was collected; identical numbers indicate the same time
interval.
For example, the data for ￿les Feb_1_58.￿g and Feb_5_58.￿g were collected simul-
taneously during the February ’09 deployment. The former was collected at station
1 while the latter was collected at station 5.
170Figure A.1.: Tidal ￿ow conditions for stations 1, 3 and 5 for all deployments. Note
that for the May deployment ￿ow data is only available at station 5/6.
At station 3 in February only limited data is available due to instrument
failure. The solid line represents the tidal elevation.
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Table B.1.: Meadow and ￿ow conditions, and measured signi￿cant wave heights for
laboratory tests.
mimic
material
density
[m 2]
leaf
length
[cm]
current
[m s 1]
Hs at
beginning of
meadow [cm]
Hs at end of
meadow
[cm]
H
[cm/m]
control - - 0 9.55 8.19 0.45
- - 0.1 7.51 6.43 0.36
very 1000 30 0 9.71 7.74 0.65
￿exible 1000 30 0.1 7.73 5.97 0.58
1000 15 0 9.82 7.94 0.62
1000 15 0.1 7.74 6.05 0.56
1000 10 0 9.87 7.87 0.63
1000 10 0.1 7.64 6.50 0.53
4000 30 0 9.72 7.47 0.75
4000 30 0.1 7.82 6.00 0.61
4000 15 0 10.06 7.85 0.74
4000 15 0.1 7.87 6.12 0.59
4000 10 0 9.72 7.82 0.63
4000 10 0.1 7.60 6.04 0.52
￿exible 500 30 0 9.76 7.94 0.61
173B. Laboratory data
mimic
material
density
[m 2]
leaf
length
[cm]
current
[m s 1]
Hs at
beginning of
meadow [cm]
Hs at end of
meadow
[cm]
H
[cm/m]
￿exible 500 30 0.1 7.69 6.12 0.52
500 15 0 10.00 8.12 0.63
500 15 0.1 7.68 6.17 0.50
500 10 0 9.83 7.96 0.62
500 10 0.1 7.63 6.13 0.50
1000 30 0 9.74 7.75 0.66
1000 30 0.1 7.77 6.10 0.56
1000 15 0 9.70 7.85 0.62
1000 15 0.1 7.72 6.04 0.56
1000 10 0 9.79 7.75 0.68
1000 10 0.1 7.73 6.08 0.55
2000 30 0 9.34 7.57 0.59
2000 30 0.1 7.44 5.94 0.50
2000 15 0 9.92 7.62 0.77
2000 15 0.1 7.90 6.12 0.60
2000 10 0 9.80 7.86 0.65
2000 10 0.1 7.59 6.08 0.50
4000 15 0 9.78 7.82 0.65
4000 15 0.1 7.78 6.12 0.55
4000 10 0 9.97 7.83 0.71
4000 10 0.1 7.79 5.99 0.60
8000 30 0 9.50 5.72 1.26
8000 30 0.1 7.63 4.88 0.92
8000 15 0 9.63 6.90 0.91
8000 15 0.1 7.57 5.79 0.59
174mimic
material
density
[m 2]
leaf
length
[cm]
current
[m s 1]
Hs at
beginning of
meadow [cm]
Hs at end of
meadow
[cm]
H
[cm/m]
￿exible 8000 10 0 9.68 7.14 0.85
8000 10 0.1 7.30 5.61 0.56
sti￿ 1000 15 0 9.74 7.34 0.80
1000 15 0.1 7.66 5.78 0.63
1000 10 0 9.81 7.55 0.75
1000 10 0.1 7.73 5.86 0.62
4000 15 0 9.53 5.73 7.27
4000 15 0.1 7.48 5.06 0.81
4000 10 0 9.75 6.66 1.03
4000 10 0.1 7.48 5.50 0.66
175B. Laboratory data
Determination of re￿ection
Re￿ected waves were removed from the recorded signal using the method by Baldock
and Simmonds (1999). The method was implemented through a MatLab script that
was provided by Dr. T. Baldock. The script is based on equations developed by
Frigaard and Brorsen (1995) and was expanded to also apply to sloping beds. The
slope for this analysis was set to zero, as the present experiments were carried out
over a ￿at bed.
The ￿rst two gauges were used to determine re￿ection; they were spaced 21.5 cm
apart. This spacing ful￿lled the condition that the distance between the gauges is
<… of the incident wave length (Frigaard and Brorsen, 1995) since the wave length
in this study was 1.4 m.
The method assumes linear wave theory and Baldock and Simmonds (1999) recom-
mend to remove sub and super harmonics. The spectra were therefore ￿ltered for a
range of 0.1 Hz above and below the peak frequency of 0.98 Hz with a low and high
pass cut-o￿ ￿lter respectively.
From the ￿rst two gauges, the incident and re￿ected wave amplitudes and the re-
sulting re￿ection coe￿cient (re￿ected wave amplitude / incident wave amplitude)
was computed. For seven tests during the course of the experiments the re￿ection
coe￿cient exceeded 5% and in those cases the re￿ected wave train was removed from
the signals recorded by all other gauges during the run (i.e. directly in front of and
behind the mimic meadow). This ￿ltering was carried out in the frequency domain
as well.
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1  Introduction 
It is widely recognized that submerged seagrass vegetation can have a significant impact on 
wave attenuation. To correctly account for the effect of seagrass on wave attenuation in coastal 
protection  and  management,  it  is  important  to  understand  which  vegetation  traits  and 
hydrodynamic parameters drive wave attenuation by vegetation (Teeter et al., 2001, Patil and 
Singh, 2009). 
This study investigates the impact of submergence ratio, shoot stiffness and density on wave 
attenuation. Additionally, and to our knowledge for the first time, this study investigates how a 
tidal current affects wave attenuation by seagrass. In the natural environment most seagrass 
meadows are exposed to waves superimposed on a tidal flow and the effect of this underlying 
current on wave attenuation by vegetation is not yet known. 
2  Materials and Methods 
Two mechanically realistic seagrass mimics with different bending behavior (cantilever vs. whip-
like) were developed and several meadows were produced to cover a wide range of natural 
densities  (500-8000  shoots/m
2)  and  leaf  lengths  (10-30  cm).  Experiments  were  carried  out 
under controlled conditions in a racetrack wave flume with a straight working section of 10.8 m 
and 0.6 m width with a constant water depth of 0.3 m. The flume is equipped with a conveyor 
belt system and a wave paddle, which allows generating unidirectional flow, regular waves or a 
combination of both. Wave heights were measured at the leading edge and at the end of the 
meadow for at least 600 s per run. Additionally, a video camera was used to record seagrass 
movement through the glass wall of the test section. 
From the wave recordings, dissipated wave height  H per meter meadow was derived as: 
  ∆H = (H1-H2)/x  (1) 
with  ∆H  dissipated wave height   [-] 
  H1  wave height at leading edge of meadow   [m] 
  H2  wave height at end of meadow   [m] 
  x  length of meadow   [m] 
The leaf area index (LAI = leaf length * leaf width * density, m
2 m
-2) was calculated for each 
meadow and used to compare the wave attenuating capacity, as the meadows varied in leaf 
length as well as density. Plant movement was expressed in excursion of the leaf tip which was 
derived from video recordings. 
3  Results 
An effect of plant stiffness on wave attenuation was apparent when comparing the results from 
both materials. The attenuating effect of the stiff material was much higher for any given LAI 
compared to the flexible mimics, unless LAI was negligibly low. However, the flexible mimic was 
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able to reach the same dissipated wave height at approx. four times the LAI of the stiff mimic 
(Figure 1a). 
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  Figure 1:  Dissipated wave height as a function of a) leaf area index under waves only and of 
canopy height for b) stiff mimics and c) flexible mimics at 1000 shoots per m
2. ● = stiff, 
▲ = flexible, ■ = no seagrass, black symbols represent the wave only case and grey 
symbols represent the combined wave and current case. 
The  presence  of  an  underlying  current  reduced  wave  dissipation  as  well  as  the  observed 
canopy height at any given vegetation length. The canopy height reduction caused by bending 
is, however, not the only process affecting wave attenuation, as wave dissipation rates are still 
lower  in  the  presence  of  a  current  when  comparing  meadows  with  a  similar  actual  canopy 
height  (see  examples  in  Figure  1b-c).  Comparison  of  data  from  all  runs  shows  that   H 
increases  linearly  with  shoot  density  for  a  given  canopy  height  and  this  increase  is  more 
pronounced in the absence of an underlying current. 
4  Discussion and Conclusions 
Results showed that stiffness and leaf area index determine wave attenuation. The leaf area 
index combines the effect of leaf length and shoot density and therefore indicates that density 
can compensate for lack of canopy height and vice versa with respect to wave attenuation. 
Additionally, a higher LAI can lead to the same dissipation rate for a flexible plant than a stiff 
plant at lower LAI, which suggests that different growth strategies can lead to the same effect 
on wave attenuation. 
The presence of an underlying current led to a reduction in wave attenuation for all meadows. 
The current bent the leaves, leading to a primary tension within the blades which restricted plant 
movement and hence wave dissipation. Reduced plant movement and wave dissipation were 
present for both materials, suggesting that the current affects wave dissipation independent of 
the  vegetation’s  bending  behavior.  Reduction  of  wave  dissipation  increased  with  increasing 
shoot  density  which  could  not  be  fully  explained  with  the  data  collected  during  this  study. 
However, the results clearly show that experiments which are carried out under waves only 
overestimate  the  wave  attenuating  capacity  of  seagrass  compared  to  most  natural 
environments where underlying currents are present in the form of tidal flow. 
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